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1512 Is Quantum Mechanics Tried, True, 
Wildly Successful, and Wrong? 


LETTERS 


1514 Venezuelan Science at Risk 
C. Bifano 
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The current global outbreak of influenza A (H1N1) in humans 
appears to have originated in Mexico from infected pigs. 

The cover portrait is of “Patient Zero” from La Gloria, Veracruz, 
who is now well. Fraser et al. (page 1557) report on an initial 
epidemiological analysis and offer baseline estimates for 
transmissibility while acknowledging the prevailing uncertainties 
at this early stage of the epidemic. 
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Cataloguing Names the Old-Fashioned Way 
J. Beall 

Too Much Quantification Hinders Creativity 
M. Gurkiewicz and A. Korngreen 

Livestock Genomics in Developing Countries 
P. J. Boettcher and |. Hoffmann 

Machines Fall Short of Revolutionary Science 
P. W. Anderson and E. Abrahams 
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D. MacKay, reviewed by M. Hoffert 
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D. J. Meltzer, reviewed by T. Flannery 
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Nutrient Imbalances in 
Agricultural Development 
P. M. Vitousek et al. 


PERSPECTIVES 
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No Place Too Cold 
J. Laybourn-Parry 
>> Perspective p. 1523 


Squeezing the Water Out of HCI(aq) 
T. S. Zwier 
>> Report p. 1545 


Thriving in Salt 
A. Boetius and S. Joye 
>> Perspective p. 1521 


A Chronic Need for IL-21 
L. D. S. Johnson and S. C. Jameson 
>> Reports pp. 1569, 1572, and 1576 


Extracting Potentials from Spectra 
P. F. Bernath 

>> Report p. 1548 

Bridging the Gap and Staying Local 
M. Korte 

>> Research Article p. 1536 


Uniting Alignments and Trees 
A. Loytynoja and N. Goldman 
>> Report p. 1561 
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1530 Graphene: Status and Prospects 
A. K. Geim 


BREVIA 


1535 Sexual Intercourse Involving Giant Sperm 
in Cretaceous Ostracode 
R. Matzke-Karasz et al. 


Giant ostracode sperm date back at least 
100 million years ago. 


RESEARCH ARTICLE 


1536 Synapse- and Stimulus-Specific Local 
Translation During Long-Term Neuronal 
Plasticity 
D. O. Wang et al. 

Live-cell microscopy reveals local translation 
during long-term facilitation of Aplysia 
sensory-motor synapses. 

>> Perspective p. 1527 


REPORTS 


1540 Solar-Like Oscillations in a Massive Star 


K. Belkacem et al. 


A huge star has been discovered that shows 
a variety of regular patterns of pulsation. 


1542 Colloidal Quantum-Dot Photodetectors 
Exploiting Multiexciton Generation 

V. Sukhovatkin et al. 

Decay of multiple electron-hole pairs, 

a hindrance in photovoltaic design, 
proves a boon to sensitivity in a 
photoconductive detector. 


1545 Aggregation-Induced Dissociation of 
HCI(H20), Below 1 K: The Smallest Droplet 
of Acid 

A. Gutberlet et al. 

Just four water molecules are sufficient to 
dissolve the acid HCl into a charged ion pair 
of proton and chloride. 

>> Perspective p. 1522 


1548 Beryllium Dimer—Caught in the Act 

of Bonding 

J. M. Merritt et al. 

High-resolution spectroscopy maps out the 
unusual ground state electronic potential 
of the beryllium dimer. 

>> Perspective p. 1526 


1551 Atmospheric Carbon Dioxide Concentration 
Across the Mid-Pleistocene Transition 

B. Hénisch et al. 

The concentration of CO2 in the atmosphere 
has been relatively stable over the past 2.1 
million years and never as high as it is today. 


Fossil Plant Relative Abundances Indicate 
Sudden Loss of Late Triassic Biodiversity 
in East Greenland 

J. C. McElwain et al. 

Plant fossils from East Greenland record an 


abrupt decrease in abundance as CO; levels 
increased. 
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Pandemic Potential of a Strain of 
Influenza A (H1N1): Early Findings 
C. Fraser et al. 

An international collaborative effort 


has analyzed the initial dynamics of 
the swine flu outbreak. 


Rapid and Accurate Large-Scale 
Coestimation of Sequence Alignments 
and Phylogenetic Trees 

K. Liu et al. 

A step-wise algorithm iteratively wraps 
sequence alignment around a phylogenetic 
tree to reduce bias caused by errors. 

>> Perspective p. 1528 


Structure and Mechanism of an 
Amino Acid Antiporter 

X. Gao et al. 

The architecture of a membrane protein 


channel helps explain how Escherichia coli 
survive the acidic conditions of the stomach. 


IL-21 Is Required to Control Chronic 
Viral Infection 

H. Elsaesser et al. 

Interleukin-21 produced by CD4* T cells 
helps CD8* T cells control viral infection 
in a mouse model. 

>> Perspective p. 1525 


A Vital Role for Interleukin-21 in the 
Control of a Chronic Viral Infection 

J. S. Yiet al. 

The cytokine interleukin-21 has a profound 
impact on virus-specific T cell responses to 
chronic infections in mice. 

>> Perspective p. 1525 


IL-21R on T Cells Is Critical for 

Sustained Functionality and Control 

of Chronic Viral Infection 

A. Frohlich et al. 

Thymus cells of the immune system require 
the cytokine interleukin-21 to control chronic 
viral infections. 

>> Perspective p. 1525 


Merkel Cells Are Essential for Light-Touch 
Responses 

S. M. Maricich et al. 

In the skin, special cells with specific 
properties endow their afferent nerves with 
the ability to resolve fine spatial details. 
>> Science Podcast 


Recruitment of an Area Involved in Eye 
Movements During Mental Arithmetic 
A. Knops et al. 


Addition and subtraction are encoded in the 
same part of the brain that is responsible for 
eye movements and spatial attention. 
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Successful Conservation of a Threatened 
Maculinea Butterfly 

J. A. Thomas et al. 

Prediction of population dynamics in relation to 
habitat requirements has led to a conservation 


success in the UK. 
10.1126/science.1175726 


Penumbral Structure and Outflows in 
Simulated Sunspots 

M. Rempel et al. 

Simulations of sunspots show that their structure 
and outflows can be understood in terms of 


convection in a magnetic field. 
10.1126/science.1173798 


Consistency Between Satellite-Derived and 
Modeled Estimates of the Direct Aerosol Effect 
G. Myhre 

Observational data and modeling narrows the 
large range of uncertainty about how much 
aerosols influence climate. 

>> Science Podcast 

10.1126/science.1174461 


Functional Amyloids as Natural Storage of 
Peptide Hormones in Pituitary Secretory Granules 
S. K. Maji et al. 


Peptide and protein hormones are stored in secretory 


granules in a non-pathological amyloid conformation. 


10.1126/science.1173155 


Translocator Protein (18 kD) as Target for 
Anxiolytics Without Benzodiazepine-Like 
Side Effects 

R. Rupprecht et al. 

Possible drug alternative for rapid treatment of 


anxiety disorders could replace benzodiazepines. 
10.1126/science.1175055 


TECHNICALCOMMENTS 


Comment on “Experimental Test of Self-Shielding 
in Vacuum Ultraviolet Photodissociation of CO” 
J. R. Lyons et al. 


full text at www.sciencemag.org/cgi/content/full/324/ 
5934/1516-a 


Comment on “Experimental Test of Self-Shielding 
in Vacuum Ultraviolet Photodissociation of CO” 
S. R. Federman and E. D. Young 


full text at www.sciencemag.org/cgi/content/full/324/ 
5934/1516-b 


Comment on “Experimental Test of Self-Shielding 
in Vacuum Ultraviolet Photodissociation of CO” 
Q.-Z. Yin et al. 


full text at www.sciencemag.org/cgi/content/full/324/ 
5934/1516-c 


Response to Comments on “Experimental Test 
of Self-Shielding in Vacuum Ultraviolet 
Photodissociation of CO” 

S. Chakraborty et al. 


full text at www.sciencemag.org/cgi/content/full/324/ 
5934/1516-d 


www.sciencemag.org SCIENCE VOL 324 


SCIENCENOW 


www.sciencenow.org 
Highlights From Our Daily News Coverage 


Recipe for Life: Water and a Little Lava 


Habitable planets require just the right amount 
of volcanism. 


On the Road to a New Species 


A small gene change is a big deal for an island bird. 


Warp-Speed Raindrops 


Some raindrops fall to the ground much faster 
than expected. 
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RESEARCH ARTICLE: Suppression of LPS-Induced 
TNF-o Production in Macrophages by cAMP Is 
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E. A. Wall et al. 


PERSPECTIVE: Putting on the Brakes— 

Cyclic AMP as a Multipronged Controller 

of Macrophage Function 

M. Peters-Golden 

Distinct anchoring proteins enable cAMP signaling 
to selectively modulate macrophage responses to 
pathogens. 


REVIEW: The Vitamin D Sterol—-Vitamin D Receptor 
Ensemble Model Offers Unique Insights into Both 
Genomic and Rapid-Response Signaling 

M. T. Mizwicki and A. W. Norman 

Different vitamin D conformations binding to 
different pockets of a flexible receptor could elicit 
distinct responses. 


PROTOCOL: Using a Microfluidic Device for 
High-Content Analysis of Cell Signaling 

R. Cheong et al. 

This method for analyzing individual cells reveals 
differences in responses masked by averaging across 
the population. 
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Professional Polish 

S. Webb 

When dressing for a job interview, it pays to cultivate 
conformity and attention to detail. 


Following in Darwin's Footsteps 

E. Pain 

Jordi Serrallonga has developed a career where 
research and travel are both adventures. 


Tooling Up: Four Must-Haves for 
Convincing Communication 
D. Jensen 


Anyone can learn to communicate effectively 
by learning a few key points. 
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A new gene expression and cellular analysis section showcasing 
a powerful protein labeling technology unique to NEB 


A range of expression systems, including a novel kit for 
cell-free expression 


Tools for glycobiology 
Tools to enable RNA research 


A substantial technical reference section 
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Sensorin Reporter 


Long-term memory and synaptic plasticity 
require changes in gene expression and yet can 
occur in a synapse-specific manner. Messenger 
RNA (mRNA) localization and regulated transla- 
tion at synapses have been proposed as mecha- 
nisms for spatially restricting gene expression 
during transcription-dependent, synapse-specific 
forms of neuronal plasticity. In the sea slug 
Aplysia, which is a frequently used model system 
for studying learning and memory, sensorin is a 
sensory cell-specific peptide neurotransmitter. 
The mRNA encoding sensorin localizes to distal 
sensory neurites and further concentrates at sites 
of synaptic contact between sensory and motor 
neurons. Wang et al. (p. 1536, published online 
14 May; see the Perspective by Korte) demon- 
strate, using translational reporters of sensorin 
mRNA expressed in individual cultured Aplysia 
sensory and motor neurons, that local translation 
occurs at synapses during transcription-depend- 
ent, learning-related forms of synaptic plasticity. 


Star Gazing 


Seismology of stars provides a unique insight 
into physical mechanisms taking place in their 
interior. Like the Sun, some stars have low- 
amplitude pulsations that are excited by turbu- 
lent convection in their outer layers. Belkacem 
et al. (p. 1540), using data gathered by the 
CoRoT satellite, report on low-amplitude, solar- 
like oscillations in a massive star that undergoes 
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radial pulsations as a result of expanding and 
contracting layers in its interior. The finding 
opens the possibility of probing the interiors of 
this type of massive star, which can be the pro- 
genitors of supernovae. 


Minimally Acidic 

Acidity is usually construed in the context of a bulk 
liquid solvent: billions of trillions of molecules 
such as HCl, added to hundreds of billions of tril- 
lions of water molecules. What happens under 
sparser conditions, for example, in atmospheric or 
interstellar environments, when a single HCl mole- 
cule might interact with just three or four water 
molecules? Gutberlet et al. (p. 1545; see the Per- 
spective by Zwier) explored this question using 
theoretical simulations together with vibrational 
spectroscopy in ultracold helium droplets that 
effectively isolated small aqueous HCl clusters. HCL 
remained intact upon solvation by one, two, or 
three water molecules. Dissociation into an ion 
pair, as occurs in bulk water, required the approach 
of a fourth water molecule and was facilitated by 
the geometry of the existing (H,O), cluster. 


Reaping Gain from Decay 


In photovoltaic devices, absorbed light excites 
electrons into a conduction band and thereby 
initiates electric current flow. Unfortunately, if 
the energy of the incident photons exceeds the 
threshold for this excitation (the bandgap), the 
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excess tends to be wasted. Initially, a photon 
bearing several multiples of the bandgap 
energy may correspondingly promote several 
electrons, but before these can begin to travel 
through a circuit, most of them drop back down 
to the immobile state, transferring their packet 
of energy to a lone remaining carrier in a 
process termed “Auger decay.” Sukhovatkin et 
al. (p. 1542) show that a photoconductive 
device design can actually leverage the Auger 
decay process to improve sensitivity in ultravio- 
let detection. Their detector, a thin film assem- 
bled from lead sulfide quantum dots, improves 
its response by up to a factor of four when the 
incident light frequency rises to several multi- 
ples of the bandgap. 


Expanding Flatland 


Since its discovery and isolation some 5 years 
ago, research on graphene has exploded. The 
sheets of carbon atoms, just one atom thick, 
exhibit a vast array of prop- 
erties—mechanical, 
optical, and electri- 
cal—that make it an 
ideal test bed to probe 
fundamental problems 
in physics, as well as 
lending itself to a wide 
portfolio of applica- 
tions. Geim (p. 1530), 
the discoverer of this 
remarkable material, 
reviews recent 
advances and discusses 
what other develop- 
ments may be in store 
for this material. 


A Change in the Air? 


Between around 1.2 million and 500,000 years 
ago, Earth’s glacial cycle changed from one with 
a period of roughly 40,000 years to one with a 
period of about 100,000 years. Although there 
has been much speculation about why this transi- 
tion may have occurred, no potential explanation 
seemed more likely than that it was caused by 
decreasing concentrations of atmospheric CO,,. 
Honisch et al. (p. 1551) present a record of 
atmospheric pco, for the past 2.1 million years, 
derived from the boron isotopic composition of 
planktonic foraminifera, and show that the 
amount of CO, in the atmosphere has remained 
relatively constant over that period. While pco, 
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Submit your research now was approximately 30 ppm higher before the start of the mid-Pleistocene transition than after the 
to be one of the first to be transition, atmospheric CO, did not decrease gradually as would be expected were it to be the driver 
considered for publication of the transition. 
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Science Antiporter Antics 
7 Bacteria that survive in the acidic environment of the stomach 
Translational have mechanisms to maintain a high intracellular pH. In 
Medicine / Escherichia coli, glutamate (Glu) and arginine (Arg) are decar- 


boxylated intracellularly and the reaction products are ex- 
changed with extracellular Glu and Arg. Gao et al. (p. 1565, 
Science Translational Medicine, published online 28 May) now report a crystal structure of 

to be published online weekly AdiC, an arginine:agmatine antiporter from E. coli. AdiC 
beginning in the fourth quarter exhibits the same fold as that of the Na*-coupled symporters, 
preg ee dic A ee including LeuT. It contains 12 transmembrane segments, forms a 
into practical applications, homodimer, and exists in an outward-facing, open conformation in 
thus bridging the research-to- the crystals. The structure, together with biochemical data, suggests 

application gap. how the antiporter senses the pH and responds to transport the reaction product agmatine out of the cell 
and Arg into the cell. 


The editors of Science Translational Medicine 
are accepting manuscripts for review in the 
following areas: cancer, cardiovascular 
disease, metabolism/diabetes/obesity, neuro- 7 7 7 “| 
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sciences, medical nanotechnology, drug de- . ee : A u ” : 7 ‘ spss 
livery, biomarkers, gene therapy/regenerative tions, chronic viral infections are characterized by “exhausted” cytotoxic CD8* T cells, cells which exhibit 


medicine, toxicology and pharmacokinetics, reduced proliferative capacity, cytokine secretion, and cytotoxicity. Treatments that reverse exhaustion 
data mining, cell culture, animal and human ips : : i : 
studies, medical informatics, and other result in increased viral control. Despite their exhaustion, these CD8* T cells eventually help to control 
Interalsellinalyapprosenes kemedianes chronic infections by killing virally infected cells, and require CD4* T cell help to do so. How do CD4*+ T 


cells provide help to CD8* T cells during chronic infection (see the Perspective by Johnson and 


>> Katrina L. Kelner, Ph.D. Jameson)? Elsaesser et al. (p. 1569, published online 7 May), Yi et al. (p. 1572, published online 14 
pais Association for May), and Frohlich e¢ al. (p. 1576, published online 28 May) now show that the cytokine, interleukin- 
the Advancement of Science 21 (IL-21), known to be critical for the differentiation of certain CD4* T cell effector subsets, is an essen- 
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ee Foundation unable to signal through IL-211 or IL-21 was not available, they were reduced in number, exhibited a 
National Institutes of Health more exhausted phenotype, and were not able to control the virus. In contrast, the absence of IL- 


21—dependent signaling did not affect primary CD8* T cell responses to acute infection or responses to a 
viral rechallenge, suggesting that differentiation of memory CD8* T cells is independent of IL-21. 
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recommend_subscription Atoh1CKO mice. Using ex vivo skin and nerve preparations from the animals showed that Merkel cells 


Foninoreinfomnation-conidel are needed to properly encode light touch sensation in the skin. 


Editor Katrina Kelner, Ph.D. at 
scitranslmededitors@aaas.org 


Addition to the Right, Subtraction to the Left 


Science High-level cognitive achievements, such as writing and mathematics, have appeared relatively recently 
Translational in the evolutionary record in comparison to low-level skills, such as the perception of bright-dark bound- 
Medicine aries. The latter have been demonstrated to arise from the coding properties of neurons in visual cortical 

centers, but what do the former map onto? Knops et al. (p. 1583, published online 7 May) provide evi- 

MVAAAS dence that addition and subtraction are encoded within the same cortical region that is responsible for 

eye movements to the right and left, such that the neural activity associated with addition could be dis- 

Integrating Medicine and Science tinguished from that associated with subtraction by a computational classifier trained to discriminate 
www.ScienceTranslationalMedicine.org between rightward and leftward eye movements. 
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EDITORIAL 


Science Journalism Goes Global 


WHEN SWINE FLU STRUCK SWIFTLY IN MEXICO, IT CREATED A CHALLENGE NOT ONLY FOR 
international public health officials but also for journalists around the world assigned to follow 
the unfolding story. They needed to explain, in the face of great uncertainty and a nonstop news 
cycle, what the novel influenza A (HIN1) virus was and the potential dangers it posed. It was 
a difficult story handled most capably by experienced health and science reporters. 

Swine flu is the latest in a string of important global stories across the spectrum of science: 
stem cell research, the human genome, climate change, new energy technologies, evolution, 
space exploration, and HIV/AIDS, to name a few. 

Ata time when global science-based stories such as these are more prevalent than ever, inter- 
national science journalism faces both great opportunities and great peril. A sense of crisis has 
gripped the American science writing community, as traditional staff jobs in mainstream print 
and electronic media have increasingly fallen victim to hard economic times. Content has also 
shifted toward “science-lite,’ with consumer health and fitness often trumping important 
developments in scientific research and policy. Similar problems have arisen in Canadian, 
United Kingdom, and European science journalism. 

There is growing excitement, however, about emerging opportunities 
for global expansion of science journalism, particularly in developing 
countries. Reporters in Asia, Africa, the Middle East, and Latin America 
report increasing demand for local stories involving science and technology, the 
environment, and public health. Although they may struggle with limited 
resources and political obstacles, they are eager to join the ranks of interna- 
tional science writers. 

For journalists from Boston to Beijing, the rapidly changing world of communi- 
cation technology also offers myriad multimedia options for crossing borders by accessing the 
latest science, interviewing experts, mining research, and reaching the public in innovative ways. 
While these new tools—blogs, podcasts, Skype, Facebook, YouTube, and Twitter—offer creative 
outlets, mindless chatter can gobble up precious time. Countless new Web sites provide a dizzying 
array of science information, misinformation, and commentary that can be hard to sort through. 
These sites also run the risk of preaching to the converted and subdividing the audience in ways 
that may narrow the science knowledge base and reinforce uninformed opinion. 

In the face of this changing media landscape, journalism and science organizations need to 
explore better ways to train reporters, scientists, and other communicators around the world in the 
substance and process of science writing. In doing so, it is crucial that the old-fashioned virtues 
of good journalism—accurate information, multiple sources, context over controversy, and edi- 
torial independence—not be lost in the enthusiasm for communicating content in novel ways. 

Opportunities for professional development of international journalists are expanding. Mid- 
career journalism programs at places such as Harvard, the University of California, and the 
Massachusetts Institute of Technology seek fellows from around the world. The Gates Founda- 
tion funds training and travel programs to improve global health coverage in Africa, while inter- 
national nonprofit groups train reporters from developing regions in global climate change 
reporting. American science journalists have an ongoing partnership with Arab journalists that 
widens the horizons of both groups. 

Perhaps the best evidence of the growing international nature of this field is the upcoming 
6th World Conference of Science Journalists, which is expected to draw about 600 attendees 
from 70 countries to London later this month. Organized by British science writers working with 
the World Federation of Science Journalists, a 6-year-old network of 40 science journalism 
groups, the conference builds skills in covering science and policy, from theoretical physics to 
food security, while providing a forum for examining common concerns and actions to improve 
the quality and quantity of science journalism. 

Hopefully, the recent crisis in science journalism in Western countries will be tempered by 
optimism about the overall future of international science journalism and the importance of 
reaching a global public in dire need of the best science and technology information. 

— Cristine Russell 
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Prize laureates and discussing your work with leaders in the field. Imagine what you 
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ECOLOGY 


Wetting Or 


Ecological studies of food webs and their resources tend to 
focus on the limited availability of and competition for nutri- 
ents and energy. In some systems, however, water may exert 
an important influence on species interactions. McCluney and 
Sabo have investigated the impact of distinct water regimes 
on ecological systems in the San Pedro River in southern Ari- 
zona. Ina field setting, they furnished cages containing field 
crickets with an ample supply of cottonwood and willow 
leaves, and they varied two factors: the presence/absence of 
wolf spiders (which prey on crickets) and mesic/xeric condi- 
tions. They found that when water was scarce, crickets con- 
sumed significantly more green leaves, rather than old litter, 
and experienced significantly higher mortality, presumably 
due to wolf spider predation, in comparison to cages lacking 
spiders. In contrast, in cases of rainfall or when water was pro- 
vided, the cricket-spider interaction strength diminished 
almost to zero, suggesting that crickets were more important 
as a source of water than as nutrient. These data indicate that 
in some ecosystems, interactions between species can differ 
depending on water availability, and thus the local effects of 
global climate change—including derived aridification, 
droughts, and increases in precipitation—may alter food 
webs significantly. — LMZ 

Ecology 90, 1463 (2009). 


www.sciencemag.org 


CHEMISTRY 
A Late Triple 


Transition metals with comparatively few valence 
electrons, such as titanium and chromium, tend 

to form multiple bonds with carbon, oxygen, and 
nitrogen (N) atoms fairly easily. In contrast, late 
metals such as iridium (Ir) and platinum engage 
more rarely in this mode of bonding, an observation 
that has been justified by repulsive interactions between 

the ligand’s lone pairs and residual d orbital electrons at the metal center. Schéffel et 
al. show that mild heating of an azide-substituted Ir complex in the solid state leads 
efficiently to N, loss and resultant formation of a stable Ir-N triple bond. The compound 
was characterized crystallographically, and the observed bond length, coupled with in- 
depth theoretical analysis, supports a formal bond order between 2 and 3. Reaction 
with hydrogen led to very clean direct reduction at nitrogen, forming an Ir amide com- 
plex that was also structurally characterized by x-ray diffraction. An isotopic labeling 
study confirmed H, as the proton source. — JSY 


Angew. Chem. Int. Ed. 48, 4734 (2009). 


VIROLOGY 


Lessons from the Pros 


Human cells contain tens of thousands of protein-encoding genes that are transcribed 
into a much larger numbers of mRNAs. Viruses, on the other hand, are far simpler, 
carrying with them only a handful of genes and proteins, yet they have developed 
countless ways of hijacking specific host cellular functions for their own benefit. Dis- 
covering these survival mechanisms often offers fascinating insights into normal host 
cell biology. Eukaryotes use sophisticated ways of regulating gene expression, includ- 
ing polyadenylating the 3’ end of mRNAs to enhance their stability for eventual trans- 
lation into protein, and possibly also to promote mRNA degradation. Some her- 
pesviruses, including Kaposi's sarcoma—associated herpesvirus (KSHV), manipulate 
host cells by promoting the widespread destruction of cellular mRNAs. KSHV achieves 
this via its Sox protein, and Lee and Glaunsinger show that human cells expressing 
the viral Sox protein contain mRNAs with unusually long poly(A) tails (hyperadenyla- 
tion), which was mediated by the host enzyme poly(A) polymerase II. This effect of 
viral Sox was linked to its ability to accelerate mRNA turnover, suggesting that the 
virus induces host mRNA degradation by modulating poly(A) length. — HP 

PLoS Biol. 7, 1000107 (2009). 


CHEMISTRY 
Lining up for Photos 


Transient diffraction techniques can be used in the gas phase to probe molecules in the 
midst of transformation, but structural information is limited by the random orientation 
of the sample. In contrast, static diffraction techniques applied to crystals that keep the 
constituent molecules well aligned can provide exquisite three-dimensional structures. 
Reckenthaeler et al. show that ultrafast optical methods can begin to bridge these two 
limiting cases. The authors use femtosecond laser pulses to dissociate gas phase 
diiodotetrafluoroethane molecules, creating a C,F,| ensemble briefly aligned on account 
of the laser polarization. Before the alignment is lost, a short pulse of electrons is fired 
through the sample, allowing the determination of transient molecular structure. 
Because the alignment persists for several picoseconds, the method may offer the oppor- 
tunity to study a range of more complex molecular structures and dynamics. — ISO 

Phys. Rev. Lett. 102, 213001 (2009). 
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Sorghum Hero 


| RANDOIWVSANVIE 


Agronomist Gebisa Ejeta of Purdue University in West Lafayette, Indiana, last week won the 
$250,000 World Food Prize—the “Nobel Prize” for agriculture—for developing drought- and 
weed-resistant sorghum varieties in Africa. Ejeta, born in Ethiopia, spent 15 years looking for 
ways to defeat striga, a parasitic weed that devastates sorghum crops. He finally identified the 
chemical signal from sorghum that striga rootlets pick up and developed sorghum seeds in 


which the process would be interrupted. 


Ejeta has spent his whole career at Purdue, where he got 
his doctorate in 1978. He'll be honored at a 15 October 


ceremony in Des Moines, lowa. 


Self-Confidence Genes? 


Brains alone don’t make a star student. 
Motivation and self-confidence—what some 
psychologists call “self-perceived abilities” 
(SPAs)—are important, too. Now, psychologists 
report that not only IQ but SPAs as well are 
strongly influenced by genes. 

A team led by Corina Greven of the Institute 
of Psychiatry in London examined data from a 
large longitudinal study of British twins. For 
1217 identical twin pairs and 1070 same-sex 
fraternal twin pairs, all 9 years old, the 
researchers compared school test scores, 1Q 
scores, and results of a test in which the subjects 
ranked themselves on a five-point scale ranging 
from “not at all good” to “very good” at English, 
math, and science subjects. 

By comparing scores of 
identical twins (who share 
100% of their genes) and 
fraternal twins (with 50%), 
the researchers estimated a 
heritability for SPAs at 51%. 
“Contrary to extant theo- 
ries, SPAs are substantially 
influenced by genetic fac- 
tors, ... at least as much as 
1Q is,” they wrote online 
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Stones believed to have been 
used as caribou-hunting blind. 


last month in Psychological Science. Heritability 
of IQ, which goes up with age, was estimated at 
.43 for the 9-year-olds. 

“| don’t think anyone has looked at this 
before,” says Nicholas Martin, a twin researcher 
at the Queensland Institute of Medical Research 
in Brisbane, Australia. “It would be interesting to 
explore further what the roots of self-confidence 
are, since it seems to be semi-independent of 
true ability.” 


Underwater World 


Some time between 10,000 and 7000 years 
ago, hunters herded caribou on what is now the 
bottom of Lake Huron. Now researchers are 
searching the site—a land bridge that once 
connected Michigan and 
Ontario when lake levels 
were about 100 meters 
lower—for clues about its 
inhabitants. 
Anthropologist John 
O'Shea and ocean engineer 
Guy Meadows of the 
University of Michigan, 
Ann Arbor, probed the 
waters with side-scan sonar 
and a remote operating 
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vehicle to uncover what appears to be a former 
caribou hunting ground. They identified a long 
string of boulders, or “drive lane,” used to 
guide caribou to an ambush site with large 
boulders believed to be a hunting blind. Other 
signs are suggestive of a campsite, the team 
reported online on 8 June in the Proceedings of 
the National Academy of Sciences. The 
researchers plan to explore the area further with 
scuba divers and an autonomous underwater 
vehicle. O’Shea says the site may shed light on 
the transition from nomadic big-game hunters 
to a more settled society. 

“Some of the features they see are really 
intriguing,” says paleontologist Russell Graham 
of Pennsylvania State University, University Park. 
“If their interpretations are right, ... we might 
find perishable remains,” such as bones and 
wood artifacts that are typically lost to the acidic 
soils of the northeast but that could be preserved 
in the water, he says. 


Making It Last 


Maybe size doesn't matter with fruit flies, but 
for the males, at least, longer is better. 

In the fruit fly Drosophila montana, females 
who are detained in lengthy copulations with 
males wait longer before going at it again, a 
team of European scientists reports in a paper in 
press at BMC Evolutionary Biology. It's to the 


males’ advantage, as the longer they draw out 
the encounter, the greater the chance that they 
will father the ensuing offspring. 

In fruit flies, males and females seem to 
have different ideas about how long they want 
copulation to last. Not long after a female has 
permitted a male to mount her, she tries to kick 
him off, report researchers led by Dominique 
Mazzi of the University of Jyvaskyla in Finland. 
The scientists found that the males who manage 
to hang on stayed on 50% longer than those 
who were successfully rebuffed. 

Protracted copulation didn’t enhance fertil- 
ity, the researchers found. Rather, it prevented 
females from hooking up quickly with competi- 
tors. If the scientists interrupted the linkage, the 
females quickly found someone new. 
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After Delays, WHO Agrees: 
The 2009 Pandemic Has Begun 


In the end, it was an anticlimactic, almost 
tedious event. When World Health Organiza- 
tion (WHO) chief Margaret Chan declared 
last week that for the first time in more than 
40 years the world is facing an influenza pan- 
demic, she simply stated what everybody 
already knew. “The scientific criteria for an 
influenza pandemic have been met,” Chan 
told reporters in WHO’s main assembly hall 
in Geneva shortly after 5 p.m. local time on 
11 June. “T have therefore decided to raise the 
level of influenza pandemic alert from phase 
5 to phase 6,” the highest level in WHO’s pan- 
demic alert system. 

Many leading influenza scientists and pub- 
lic health experts say that those scientific crite- 
ria had been satisfied for several weeks and that 
WHO postponed its decision unnecessarily. 
“It’s a shame it didn’t happen sooner,” says 
Marc Lipsitch, an epidemiologist at the Har- 
vard School of Public Health in Boston, who 
calls the debate over the meaning of pandemic 
“a big distraction.” But WHO says that science 
wasn’t the only factor and that the timing was 
carefully calibrated to ensure that countries 
were well-prepared to prevent overreaction. 
“This was a message to the globe,” says 
Michael Ryan, director of global alert and 
response at WHO. “We’re operating at the 
intersection of science, policy, and diplomacy.” 

Scientists hope the end of the debate will 
lead to a renewed focus on mitigating the 


virus’s effects as it washes over the globe. 
Chan’s declaration brings to the fore many 
important decisions still to come. Chief among 
them are the mass production and equitable 
distribution of a vaccine, a key topic during a 
New York City meeting between Chan and 
U.N. Secretary-General Ban Ki-moon earlier 
this week. 

WHO had jumped from phase 3 to 4 and 
then to 5 in less than a week in late April, as 
the novel HIN1 virus spread widely in Mex- 
ico, the United States, and Canada. Phase 6 
requires that the virus make similar inroads in 
communities in another of WHO’s six global 
regions. By mid-May, many epidemiologists 
thought the United Kingdom, Spain, and 
Japan met that criterion. But Ryan contends 
that those were localized outbreaks, often 
centered around schools and other institu- 
tions, and not the generalized onslaught 
expected during a pandemic. 

At the World Health Assembly (WHA) that 
began on 18 May, several countries warned 
Chan that calling the outbreak a pandemic 
could create panic about a virus that did not 
seem to cause more serious disease than sea- 
sonal flu. Because many preparedness plans 
were written with the much more deadly avian 
flu strain HSN1 in mind, the declaration might 
also trigger draconian measures, they said. 
WHO has since acknowledged that its phasing 
system needs fixing, as it relies solely on geo- 


Radionuclides 


absent from 
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Weighing the options. WHO leader Margaret 
Chan, shown here with flu chief Keiji Fukuda, had to 
balance science and politics in making her call. 


graphic spread and doesn’t factor in severity. 

Through the first week in June, as cases 
began to skyrocket in Australia, WHO contin- 
ued to put off the final call. Although country 
representatives at WHA had urged Chan to 
move slowly before declaring phase 6, Ryan 
insists that no prolonged lobbying campaign 
occurred. Then on 10 June, Chan led a tele- 
conference with the eight hardest-hit coun- 
tries (Mexico, the United States, Canada, 
Chile, Spain, the United Kingdom, Japan, and 
Australia) about the extent of their outbreaks. 
Countries such as Japan and the United King- 
dom still weren’t ready to say they had a full- 
blown epidemic, Ryan says. But then, Chan 
turned the question around: Could they be pos- 
itive that there was not sustained community 
transmission within their borders? All agreed 
that they couldn’t. At the end of the call, Chan 
decided to convene the so-called Emergency 
Committee the next morning. The advisory 
group supported the move to level 6, which 
Chan announced hours later. 

In delaying the decision, WHO appears to 
have allowed politics to trump science, says 
virologist Albert Osterhaus of Erasmus Med- 
ical Center in Rotterdam. But other scientists 
say they understand the difficult situation 
WHO confronted. “It’s realpolitik for someone 
like Margaret Chan,” says Ian Gust, a veteran 
flu researcher at the University of Melbourne 
in Australia. Moreover, the alert system isn’t an 
exact science either, says flu expert Angus 
Nicoll of the European Centre for Disease Pre- 
vention and Control in Stockholm. Under the 
two-region rule, outbreaks in Thailand and 
Vietnam—which belong to two different 
WHO regions—could trigger level 6, whereas 
similar outbreaks in Canada and Chile, both 
part of the Americas region, cannot. Ryan says 
the measured global response last week shows 
that the balancing act worked: “You don’t see 
people running around like chickens with their 
heads chopped off?” 

The delay had one upside for vaccine mak- 
ers: Companies are only now completing pro- 
duction of the seasonal flu vaccine for next 
winter in the Northern Hemisphere. Had phase 
6 been announced a month ago, some may have 
been forced to cut short that production to make 
way for the pandemic vaccine, jeopardizing the 
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health of millions of people who might be left 
unprotected from seasonal flu strains. 

One big unknown is whether companies 
will be able to make enough pandemic vaccine 
to meet the demand. Based on studies and talks 
with the vaccine industry, WHO has estimated 
that companies could churn out a maximum of 
4.9 billion vaccine doses the first 12 months 
after they start production—if everything 
works in their favor. A more conservative esti- 
mate, WHO says, is | billion to 2 billion vac- 
cine doses in the first year. For either scenario, 
a so-called antigen-sparing strategy, which 
uses a vaccine enhancer called an adjuvant to 
make the vaccine’s viral proteins (the “anti- 
gen’) trigger stronger immune responses, 
will be essential. If less antigen is needed per 
dose, manufacturers can produce more doses 
ina shorter time. 

Many researchers are worried that the adju- 
vants could slow the regulatory process in the 
United States. The U.S. Food and Drug Admin- 
istration licenses vaccines, not adjuvants them- 
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selves, but the only adjuvant used in FDA- 
approved products is an old-fashioned formu- 
lation called alum. GlaxoSmithKline and 
Novartis, two of the largest influenza vaccine 
makers, both hope to use “next generation” 
adjuvants, which are included in vaccines 
already approved for use in many countries. 
Norman Baylor, director of FDA’s office of 
vaccine research and review, doesn’t expect 
that to pose “a big hurdle,” but he does note that 
antigen-sparing strategies benefit populations, 
not individuals. “You have to think about those 
trade offs,” he says. 

Chan called on the world last week to ensure 
equitable access to the vaccine. The agency is 
hoping that poor countries can benefit from 
donations by drug companies, a tiered pricing 
system, or funding by rich countries. That may 
be difficult to realize, however, because an 
unknown number of doses is already tied up 
through contracts between pharmaceutical 
companies and countries that can afford them. 

How useful—or crucial—the vaccine will 
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be depends in part on how severe the pandemic 
is. For now, WHO has classified the severity as 
“moderate,” because it looks nowhere near as 
severe as HSN1 or the dreaded 1918 pandemic 
virus. Still, Chan warned last week that nasty 
surprises could be in store ifthe virus becomes 
more pathogenic or develops resistance to 
drugs that can now stop it. “The virus writes 
the rules,” she said. 

Harvard’s Lipsitch worries that people are 
underestimating the dangers, noting that the 
novel H1N1 virus unusually leads to severe 
disease in young people, and many common 
conditions such as asthma, diabetes, and preg- 
nancy are underlying risk factors for severe 
disease. Tens of thousands of people could die 
in age groups for which seasonal flu is rarely 
lethal, he says. “If school kids start dying in 
substantial numbers, that will cause people to 
take notice. But at that point, it’s too late.” 

-JON COHEN AND MARTIN ENSERINK 


For continuing coverage of the pandemic and an up-to- 
date timeline, go to www.sciencemag.org/swineflu/. 


Expanded U.S. Drug Agency to Control Tobacco 


The U.S. Food and Drug Administration (FDA) 
is on the cusp of gaining power for the first time 
to regulate cigarettes and other tobacco prod- 
ucts. Last week, the U.S. Senate followed the 
lead of the House of Representatives, voting 
79-17 to give FDA this authority, and President 
Barack Obama has vowed to sign the legisla- 
tion. It will allow FDA to ban certain ingredi- 
ents in cigarettes, push for tougher labeling, 
and create an FDA Center for Tobacco Prod- 
ucts within 90 days after the law takes effect. 
A government source, speaking on condi- 
tion of anonymity because he was not author- 
ized to talk to the press, says that the new cen- 
ter could be staffed by as many as 1000 
employees, including several hundred scien- 
tists. A user fee paid by tobacco companies 
will finance the expansion, which includes an 
advisory committee on which tobacco compa- 
nies will be able to place nonvoting members. 
The bill has its problems, antitobacco 
activists say. For one, this gives cigarettes “the 
imprimatur of the FDA,” says Alan Blum, 
who directs the Center for the Study of 
Tobacco and Society at the University of 
Alabama, Tuscaloosa. Public health 
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researchers are also wary because Philip Mor- 
ris supported the bill. In a statement, the Altria 
Group, which owns the company, hailed the 
legislation for providing “important benefits 
to adult consumers for many years to come.” 
Despite the concerns, this action “is long 
overdue,” says Michael Cummings, a tobacco 
control expert at the Roswell Park Cancer 
Institute in Buffalo, New York. “There is no 
government agency right now that can even 
tell you what products are being sold where.” 
The bill doesn’t permit FDA to ban nico- 
tine. But FDA can keep other components 
out, such as sugary flavorings that increase 
the appeal of cigarettes. It also allows FDA 
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to strengthen U.S. warning labels—“the 
worst warning labels in the world,” says Gre- 
gory Connolly of the Harvard School of 
Public Health in Boston, who faults them for 
not including images of tobacco-driven dis- 
eases that have been found to discourage 
cigarette smoking. 

One big unknown is how, exactly, FDA will 
exercise its newfound authority. Connolly 
notes a tension in current tobacco-control 
measures between “product harm reduc- 
tion’”—promoting cigarettes that are deemed 
less toxic—versus “product use reduction,” or 
preventing smoking in the first place. The 
latter, he says, has been shown to reduce 
tobacco-related death and disease, whereas the 
former has not. Like others in tobacco control, 
Connolly is skeptical about “safe” cigarettes 
and hopes FDA will focus on discouraging 
smoking and making cigarettes less appealing 
and less addictive. Cummings expects that 
FDA will do “its own validation in testing 
products,” to ensure the tobacco companies 
don’t make misleading claims. 

—JENNIFER COUZIN-FRANKEL AND 
ROBERT KOENIG 
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U.S. STEM EDUCATION 


Report Calls for Grassroots But Comprehensive Changes 


Think globally, act locally. That popular slo- 
gan, used by activists of various stripes, cap- 
tures the spirit of what the latest blue-ribbon 
panel says is needed to improve U.S. math 
and science education. 

The $1.5 million study,* from the 
Carnegie Corporation of New York, melds 
the handwringing in previous reports about 
the overall state of U.S. education with spe- 
cific warnings about weaknesses in math 
and science education. It calls for more rig- 
orous math and science content, improved 
standards and assessment, better training for 
teachers, and more innovative schools. 
Those changes, if adopted, would not only 
improve math and science, says mathemati- 
cian Phillip Griffiths, past director of the 
Institute for Advanced Study in Princeton, 
New Jersey, and commission chair, but also 
“do school differently.” 

But nothing will happen, the report warns, 
until everyone with a stake in U.S. educa- 
tion—from politicians and 
business leaders to principals 
and university professors— 
gets involved. Unlike in coun- 
tries with a centralized educa- 
tion system, what happens in 
the 95,000 schools across the 
United States is determined 
largely by local and state 
budgets, policies, and prac- 
tices. The federal government 
acts more like a referee, cheer- 
leader, and trendsetter. 

For the most part, the 
report backs a slew of current 
reform efforts, notably a 46- 
state consortium hoping to 
develop a common set of 
“fewer, clearer, and higher” 
standards in reading, math, 
and science. The report plows 
a bit of new ground, however, 
with a proposal for an alter- 
native to the standard precalculus pathway 
in high school mathematics that would focus 
on statistics, data analysis, and other applied 
topics. It also calls on reformers to pay more 
attention to improving science. 

The A-list of attendees at the report’s 
Washington, D.C., rollout—including Edu- 
cation Secretary Arne Duncan and Repre- 
sentative George Miller (D-CA), chair of the 


and Science Education for Citizenship and the Global 
Economy (opportunityequation.org) 


House education panel and the cream of the 
education policy community—suggests that 
the report already has the ear of the Adminis- 
tration and leaders of Congress. The com- 
missioners themselves—18 prominent sci- 
entists, politicians, and academics, labor, and 
business leaders (including Bruce Alberts, 
editor-in-chief of Science)—represent 
diverse constituencies. “We may be strange 
bedfellows,” says Ellen Futter, commissioner 
and president of the American Museum of 
Natural History in New York City, “but we’re 
united behind the same purpose.” 

One commissioner, Katherine Ward, says 
she relished her role as “a voice from the 
trenches.” An advanced placement biology 
and biotechnology teacher in San Mateo, 
California, Ward thinks that the panel’s 
biggest contribution may be its recognition 
that producing “a generation of STEM- 
capable students” (the acronym for science, 
technology, engineering, and mathematics) 


Museum-quality science. Museums throughout New York City provide equipment and 
training for middle schoolers as part of the Urban Advantage program. 


can’t be achieved by fiat. The current federal 
law requiring all students in grades 3 
through 8 to be tested each year in reading 
and math, known as No Child Left Behind, 
isn’t mentioned by name in the report, but 
several commissioners remarked that 
improving STEM education will require 
much more than simply mandating that stu- 
dents make annual progress on such tests. 
“When there’s a problem with our 
schools, people usually turn to teachers and 
ask, ‘Well, what are you going to do about 


it?’ But many times, the answer lies outside 
the control of the individual teacher,” says 
Ward, a 13-year veteran teacher. “Of 
course, we want access to the latest brain 
research on how children learn, on what’s 
developmentally appropriate, on what 
strategies are most effective. But the way 
schools operate can make it hard to obtain 
that sort of information, much less to apply 
it in the classroom. So even though the tar- 
get is better math and science education, 
you probably can’t achieve it without look- 
ing at the entire system.” 

One approach that the report advocates is 
to scale up what Duncan calls local “islands 
of excellence.” One such program, Urban 
Advantage, utilizes the resources of muse- 
ums throughout New York City to teach mid- 
dle school science. Not only does the pro- 
gram “broaden the definition of the school- 
house,” says Futter, who helped to create it 
5 years ago, but it also satisfies a require- 
ment that all eighth-graders 
in the New York public 
schools conduct a long-term 
scientific investigation. Den- 
ver and Miami are hoping to 
launch similar programs this 
fall, says Futter. 

Having a good idea isn’t 
always enough, however. 
Xavier University of Louisi- 
ana, a historically black college 
in New Orleans with fewer 
than 3000 undergraduates, 
decided in the 1970s to beef up 
its STEM curriculum. Now 
62% of its students are STEM 
majors, says its longtime presi- 
dent, commission member 
Norman Francis, and it sends 
more African-American stu- 
dents to medical and dental 
school than any other U.S. uni- 
versity, regardless of size. But 
that success is more admired than emulated, 
admits Francis, who also served on the 1983 
report, A Nation at Risk: The Imperative for 
Educational Reform, that famously identi- 
fied a “rising tide of mediocrity” overtaking 
US. schools. 

“Tt’s not rocket science, but it takes hard 
work,” Francis says about Xavier’s efforts. 
“You can’t legislate those changes, but you 
can support them wherever they are taking 
place. That’s what we hope this commission 
will do.” -JEFFREY MERVIS 


19 JUNE 2009 VOL324 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDIT: AMERICAN MUSEUM OF NATURAL HISTORY 


CREDITS (TOP TO BOTTOM): COURTESY OF CTBTO PUBLIC INFORMATION; ROBERT MOYLE 


ARMS CONTROL 


Verification Experts Puzzled Over 
North Korea’s Nuclear Test 


VIENNA—When North Korea declared on 
25 May that it had carried out a second 
underground nuclear test—a blast that 
clearly showed up on seismometers across 
the globe—it seemed to confirm what most 
observers feared about the country’s nuclear 
ambitions. But at a scientific conference it 
convened here last week, the Comprehen- 
sive Nuclear-Test-Ban Treaty Organization 
(CTBTO) revealed that its global network 
of radionuclide detectors, which sniff out 
faint wind-borne traces of radioactive ele- 
ments such as xenon, had not picked up any- 
thing it could pin on the Korean test. Press 
reports say that South Korean sensors have 
also detected nothing, and neither has a U.S. 
Air Force plane over the East Sea, causing 
some to speculate that the test was faked 
with nonnuclear explosives. 

Yet researchers at the conference weren’t 
buying the conspiracy theory. Seismologist 
and verification expert Paul Richards of 
Columbia University’s Lamont-Doherty 
Earth Observatory in Palisades, New York, 
acknowledges that it is possible to make a 
chemical explosion look nuclear up to a cer- 
tain size, but “it’s very difficult and highly 
implausible. ... Personally, I have no doubt 
[that it was nuclear].” 

The mystery of the missing radionuclides 
comes at a time when there’s renewed attention 
on the test ban treaty, thanks to President 
Barack Obama’s campaign pledge to see the 
United States ratify it. Although the treaty has 
been signed by 180 nations, it will not come 
into force until all countries that have nuclear 
weapons or reactors have adopted it. Nine such 
states have yet to ratify it, including North 
Korea and the United States. Nevertheless, 
CTBTO is building a global network of 337 
detector stations from Spitsbergen to Antarc- 
tica. Currently more than 70% complete, the 
network has sensors for seismic signals, air- 
borne radionuclides, and acoustic signals in 
the oceans and atmosphere. 

On 25 May, 23 of CTBTO’s 40 operational 
primary seismic stations picked up tremors 
from Korea and relayed data to the organiza- 
tion’s headquarters here. One and a half 
hours later, CTBTO officials sent a bulletin 
to treaty signatory governments detailing the 
time, location, depth, and likely nature of 
the event. “There could not be a clearer indi- 
cation of the need for these verification 
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Arctic sniffer. CTBTO’s Yellowknife station in Canada 
detected Korean xenon in 2006, but not this time. 


tools,” says CTBTO chief Tibor Toth. 

In 2006, when Korea carried out its first 
nuclear test, a U.S. plane detected radio- 
nuclides within days, and a CTBTO station as 
far away as Yellowknife in Canada picked 
them up 12 days after the test. This time 
around, there has been nothing, which is con- 
cerning verification experts. “Radioxenon is 
most likely the only conclusive evidence of a 
nuclear explosion,” says Anders Ringbom of 
the Swedish Defence Research Agency in 
Stockholm. Ringbom says CTBTO’s xenon 
detectors, which can pick up a couple of hun- 
dred atoms from a cubic meter of air, “were 
working fine” in the days following last 
month’s explosion in North Korea. The rele- 
vant xenon isotopes have half-lives measured 
in hours and days, so “the opportunity is ... 
perhaps closing rapidly,” he says. 

Researchers are speculating that North 
Korea this time deliberately sought to prevent 
leakage of radionuclides by, for example, car- 
rying out the test deep underground and in rock 
that melts easily, forming a seal around the 
explosion chamber. The blast, which produced 
a magnitude-4.5 tremor, is thought to be larger 
than the one in 2006 (magnitude 4.1), and that 
may also have played a role. “There is evidence 
from earlier tests that a bigger explosion leads 
to more melting and so better containment,” 
says planetary scientist Raymond Jeanloz of 
the University of California, Berkeley. 

Verification experts point out that doubts 
about the test would easily be dispelled by 
the test ban treaty’s ultimate tool: an onsite 
inspection. But such intrusive investigations 
can take place only when the treaty is rati- 
fied and fully in force. 

—DANIEL CLERY 


Published by AAAS 


NEWS OF THE WEEK be 


ScienceNOW.org 


From Science's 
Online Daily News Site 


LS 


Warp-Speed Raindrops It's a rain race 
out there. In the meteorological equiva- 
lent of breaking the light-speed barrier, 
new research shows that the smaller 
droplets in a rainstorm often surpass what 
appears to be the speed limit for rain. The 
findings should help scientists devise 
models that could lead to more accurate 
weather forecasts. 
http://tinyurl.com/m4zkms 


Stressed Cells Cause Gray Hair. If 
you've ever blamed your gray hair on 
stress, you weren't far from the truth. 
Genotoxic stress—the kind that can dam- 
age a cell’s DNA—causes hair to whiten 
over time, according to a new study. The 
results challenge accepted ideas about 
how stem cells age and may eventually 
lead to new ways to prevent graying and 
treat the more serious conditions caused 
by genotoxic stress, such as cancer. 
http://tinyurl.com/m4jqha 


Lava for Life. Astronomers scanning the 
skies for another Earth might need to nar- 
row their search. New research suggests 
that even if a world lies within the Habit- 
able Zone, in which water is liquid, too 
much or too little volcanic activity can 
render it lifeless. 
http://tinyurl.com/mgve5q 


On the Road to a New Species. Catching 
one species in the act of becoming two is 
no easy feat. Yet evolutionary biologists 
working in the Solomon Islands may have 
done just that. They have found that a sin- 
gle genetic change turns a small, brown- 
bellied bird black, possibly leading it to 
mate with like-colored birds—and setting 
it on the road to becoming a new species. 
http://tinyurl.com/lvzk9f 


Read the full postings, comments, and more 
on sciencenow.sciencemag.org. 
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LAW OFTHE SEA 


A Final Push to Divvy Up the Sea by All the Rules 


ANNAPOLIS—Is this the year that the United 
States finally ratifies an international agree- 
ment to conserve and manage the wealth of 
the ocean? 

Since coming into effect 15 years ago, the 
United Nations Convention on the Law of 
the Sea (UNCLOS) has been guiding how 
156 countries settle maritime boundary dis- 
putes, watch over their natural resources, and— 


Barrow 


More and More. 

Sonar mapping of the 

Arctic seafloor (colored 

lines) has pushed outward by 

almost 200 km the “foot of slope” 
that is a benchmark for the outer edge 
of potential U.S. mineral rights. 


CHINA 


especially in the Arctic—extend their rights to 
any riches on or beneath the adjacent seafloor. 
But the United States doesn’t have the legal 
right to extend its claims or a seat on the com- 
mission that reviews the plans of other coun- 
tries, because it has never ratified UNCLOS. 
Last week, at a symposium* here on the 
implications of the dramatic shrinking of 
summer Arctic sea ice, scientists discussing 


Presumed foot of slope™ 


Actual “foot of slope” 


the results of four summer mapping expedi- 
tions shared the podium with policymakers 
saying that the time has come for the U.S. 
Senate to act. “I believe it is crucial for the 
United States to be a party to this Treaty,” 
said Senator Lisa Murkowski (R-AK) in a 
statement read at the meeting, adding that 
this year represents “the best opportunity for 
Senate accession.” 

Two U.S. agencies now oversee the 
spending of about $7 million a year on 
research aimed at exploring the geographi- 
cal limits of the country’s maritime rights as 
defined under UNCLOS. That work has 
gone ahead because the government recog- 
nizes the convention as “customary” inter- 
national law, says marine geologist Larry A. 
Mayer of the University of New Hampshire, 
Durham, who codirects the mapping project. 
He and colleagues are searching for the 
point at which the sloping pile of sediment 
washed off the continent peters out, which 
under UNCLOS’s definition marks the 
boundary of a country’s seafloor claims. 

The Arctic expeditions have considerably 


*Impacts of an Ice-Diminishing Arctic on Naval & 
Maritime Operations, 9-11 June, Annapolis, Maryland. 


After Outcry, Government Backpedals Over Internet-Filtering Software 


Last week, the Chinese government provoked 
a firestorm of criticism when it announced 
that starting 1 July, all computers sold in 
China must have a new software program 
meant to filter pornographic images and 
block content that offends government sensi- 
bilities, such as discussion of the banned sect 
Falun Gong. But scientists whose work was 
the basis for text filtering are distancing them- 
selves from the controversial software. And as 
Science went to press, it appeared that the 
government may not force computer users to 
run the “censorware” after all. 

China’s information ministry spent 
$6.1 million last year ona 1-year license of an 
Internet-filtering software that dynamically 
blocks Web sites by detecting “harmful” 
images and text for “constructing a green, 
healthy, harmonious network environment 
and protecting the healthy growth of youths,” 
according to the published government pro- 
curement notice. After requiring installation 
of the Lii Ba-Hua Ji Hu Hang (Green Dam- 


Youth Escort) software on all school comput- 
ers and on computers sent to the countryside, 
the ministry had intended to impose protec- 
tion on all of China’s 300 million netizens— 
who already face government censorship of 
the Internet. But even state media have turned 
against Green Dam- Youth Escort, question- 
ing its value. And Chinese lawyers have called 
for public hearings on the information min- 
istry’s directive, which they assert may violate 
China’s antimonopoly law. 

Netters who have tested Green Dam, 
developed by the firm Zhengzhou Jin Hui in 
Henan, say that it blocks many harmless pic- 
tures while letting some pornographic ones 
pass. If Green Dam finds a certain number 
(preset by the user) of objectionable images on 
a Web site, it automatically adds the address to 
its blacklist and blocks access to the site from 
that computer until it is reset by the password 
holder. In a test conducted by Science, Green 
Dam added The Wall Street Journal Web site 
to the blacklist because it detected too many 


“harmful” images, including a picture of U.S. 
Secretary of State Hillary Clinton. 

The text-filtering component, Youth 
Escort, “seems to use a more intelligent 
method,” says J. Alex Halderman, a computer 
security expert at the University of Michigan, 
Ann Arbor. It was created by the Beijing Da 
Zheng Linguistic Knowledge Processing 
SciTech Company Ltd., a software company 
spun off from the Institute of Acoustics (IOA) 
of the Chinese Academy of Sciences. Da 
Zheng’s Web site says the software imple- 
ments a natural language-processing method 
developed by IOA’s Huang Zengyang in the 
1990s. The theory, called Hierarchical Net- 
work of Concepts (HNC), posits that different 
natural languages can be mapped onto a sym- 
bolic representation of concepts, enabling 
machine understanding and translation with 
an accuracy greater than 90%, says Huang, 
who is listed on Da Zheng’s Web site as chief 
scientist. But Huang is distancing himself 
from the company and Youth Escort. “I don’t 
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enlarged the area where the United States will 
claim rights to oil, gas, and other seafloor and 
sub-seafloor resources. Beyond Barrow, 
Alaska, in the Chukchi Sea, surveying has 
pushed the likely boundary northward by more 
than 185 km from where earlier, sketchy obser- 
vations would have placed it, Mayer reported. 
Along the way, researchers have discovered a 
seafloor scoured by a grounded ice sheet and 
crustal rock that doesn’t fit with conventional 
ideas of how the Arctic Ocean formed. 

Those advances in scientific understand- 
ing have yet to be matched in the political 
realm, however. “The mapping is really 
quite consequential for us,’ Murkowski told 
reporters this week. “If the treaty is not rati- 
fied, we can’t make a claim before the 
[UNCLOS] commission. That’s to our detri- 
ment; there’s so much at stake.” 

John Norton Moore, a law professor at the 
University of Virginia, Charlottesville, says 
that opponents have held up ratification by 
using “a series of distortions and untruths 
repeated over and over again,” including the 
false claim that ratification would constitute 
“turning two-thirds of Earth over to the United 
Nations.” But even with the political stars 
aligned—support from President Barack 
Obama, a sympathetic chair of the Senate For- 
eign Relations Committee, Senator John 
Kerry (D-MA), and a likely super-majority of 


think I have been chief scientist for even a day. 
That’s just a company advertisement,” he says. 
“They don’t listen to me.” 

Huang’s former Ph.D. student, Jin Yao- 
hong, wrote the original demonstration soft- 
ware as an HNC application and invented 
“standpoint filtering” in the early 2000s. Jin 
has described the filtering as “based on the 
standpoint of the article, filter reactionary 
speech.” For example, the software can 
detect whether the phrase “Falun Gong” 
appears in a complimentary or deroga- 
tory context. Da Zheng developed this 
software into Youth Escort, says Jin, 
who adds that “how the company will 
use it is out of our control.” Halderman 
found that entering “Falun Gong” in 
combination with certain words in 
Notepad, a basic Windows text editor, 
triggered filtering and that the pro- 
gram closed abruptly. 

Ata press briefing last week, for- 
eign ministry spokesperson Qin 
Gang said that the government’s goal 


Green damned. In a test by Science, The Wall 
Street Journal's Web site was blacklisted and blocked. 
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the Senate in favor of ratification—the issue 
has not made it onto the Senate calendar for 
floor debate. 

Proponents of ratification see an opening, 
but it will not come easily. Senator James 
Inhofe (R—OK) and others who regard 
UNCLOS as a threat to U.S. sovereignty have 
successfully prevented the treaty from coming 
up for an expedited vote after only limited 
debate, notes Inhofe spokesperson Jared 
Young. The other option—a large block of 
floor time—has proved elusive until now. 

Both Murkowski and Inhofe think that’s 
now likely, possibly this fall. To prepare for that 
opportunity, Murkowski says she’s working 
with Kerry and Senate Foreign Relations 
Committee ranking minority member Senator 
Richard Lugar (R—IN) to “see what members 
we need to encourage.” One key issue is 
whether the United States is better off not rati- 
fying the treaty and instead choosing which 
sections to abide by while enjoying the treaty’s 
benefits. Supporters say being a player beats 
being an outsider. 

Murkowski isn’t promising victory. “It 
will require some floor time, which is a pre- 
cious commodity, especially these days,” she 
says. And Young says his boss will be ready: 
“Tt is more than likely it will come up in the 
Senate, [where] Senator Inhofe will be a 
leader against it.” -RICHARD A. KERR 


is to prevent information harmful to the 
public from spreading on the Internet. 
However, earlier this week, an information 
ministry official told the state-owned 
newspaper China Daily that people would 
not be compelled to run the Green Dam- 
Youth Escort that comes with new com- 
puters. The ministry did not respond to 
requests from Science for an unfiltered 
explanation. -HAO XIN 
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This week, Sciencelnsider reported on a 
plan to build a cleaner coal-powered 
plant, the elimination of a key scientific 
instrument on a European mission to 
Mars, and a demand that HIV-positive 
people be allowed to attend an interna- 
tional AIDS meeting in the United States. 


A model electric plant is getting help 
from the U.S. Department of Energy 
(DOE). Designed to burn gas from coal 
and pump carbon dioxide emissions into 
geological reservoirs, FutureGen II could 
cost $2 billion or more. Last week, DOE 
pledged up to $1 billion for the Illinois- 
based project, pending private backing. 


It’s still early in the 2010 U.S. budget 
cycle but sobering all the same: House of 
Representatives appropriators disapproved 
of plans by the National Science Foun- 
dation to spend $100 million on its Major 
Research Instrumentation program, saying 
the program has enough money for now. 
Legislators also shrank by two-thirds the 
requested funding for advanced techno- 
logical education at community colleges. 


Researchers who accept U.S. grants should 
be held to rigorous standards for dis- 
closing outside income—such as from 
drug companies—according to a couple of 
heavyweight institutions. The Association 
of American Medical Colleges and the 
Association of American Universities told 
the National Institutes of Health last week 
that far too little income is being reported. 
But at the same time, they warned of 
“over-zealous” regulation. 


Canadian academics want science min- 
ister Gary Goodyear to resign over his 
latest statements involving religious views. 
In March, Goodyear linked possible doubts 
about evolution to his beliefs. This time 
around, the minister suggested that a gov- 
ernment funding body review its support 
for an upcoming conference on prospects 
for peace in the Middle East after pro- 
Israel groups complained that the list of 
speakers favored the Palestinian position. 


Stay on top of the latest science policy news 
at blogs.sciencemag.org/scienceinsider. 
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Italy's MIT Grows, And So Does Controversy Over It 


Everyone wants to emulate the Massachu- 
setts Institute of Technology (MIT), but Italy 
is discovering that not everyone agrees on 
how to do it. 

Six years ago, the Italian government 
launched the Italian Institute of Technology 
(IIT) with the grand goal of using scientific and 
engineering research to boost the country’s 
struggling economy. It was established as a 
unique public-private research foundation, 
with government funding of about €50 million 
to €100 million a year for a decade—a huge 
investment for a country where researchers 
complain of chronic underfunding. 

On the surface, the institute is growing up 
nicely. It now employs 380 scientists, based in 
a newly renovated massive lab building out- 
side Genoa, in external research centers at 
nine Italian universities, and in IIT-affiliated 
labs abroad. “We’ve been able to attract 
researchers from 38 countries,” says Roberto 
Cingolani, IIT’s scientific director. “There is 
no other institution in Italy with such an inter- 
national environment.” 

Last month, IIT released its second 3-year 
strategic plan, outlining goals of awarding 
Ph.D.s independent of Italy’s universities and 
expanding from its research themes of neu- 
roscience, robotics, nanotechnology, and 
drug development into areas such as energy 
technologies and smart materials. The plan 
notes that almost 400 peer-reviewed articles 
have been credited to HT and boasts: “We 
can conclude to date that IIT has filled all 
its promises.” 

Not so, say the institute’s critics. IIT was 
expected to partner with Italian industry, but 
not a single Italian company has funded 
research with it so far, Cingolani confirmed to 
Science. And although Cingolani points to a 
string of positive evaluations by IIT’s own sci- 
entific committee, the Italian government has 
declined to release a recent independent assess- 
ment of IIT that, according to its authors, is 
highly critical. “IIT is a fascinating idea and 
one of the biggest investments the Italian gov- 
ernment ever made in science,” says theoretical 
physicist Mario Rasetti of the Polytechnic Uni- 
versity of Turin, one of the authors. “However, 
the way it is directed is leading it into a big fog.” 

The Italian media have begun to ask 
questions. Last week, the major newspaper 
L’Espresso reported that only €108 million of 
the €518 million allocated to IIT since 2004 
have been spent so far. Cingolani, however, 
explains that IIT spent relatively little during its 
initial design years, building its endowment for 


Lab sites. IIT’s scientists work at this headquarters 
outside Genoa or in universities in Italy or abroad. 


when it would have a full roster of scientists to 
fund. And he says that some of the money noted 
by L’Espresso wasn’t originally budgeted to 
IIT, as it came from another foundation the gov- 
ernment just closed. 

IIT has been controversial from its early 
days. The idea originated within Italy’s treas- 
ury department in 2003, back when Silvio 
Berlusconi was the country’s prime minister, 
as he is once again. Giulio Tremonti, the cur- 
rent Italian minister of economy and finance 
who held the same role at that time, envisioned 
something like MIT that would attract indus- 
trial investments and world-class scientists. 
Two dozen international scientists and indus- 
trial managers, including four Nobel Prize 
winners, were asked to help design IIT. 

But several of those scientists told Science 
that IIT officials ignored their calls for interna- 
tional competitions to pick the facility’s 
research themes and scientists. “Our proposals 
were never discussed nor acted on,’ recalls 
Hans Wigzell, former president of the Karolin- 
ska Institute in Sweden. “We felt like hostages 
there. We weren’t listened to at all”? Francesco 
Salamini, director of the Plant Breeding 
department at Max Planck Institute for Plant 
Breeding Research in Germany, says “We felt 
we were just icons to be displayed but not 
asked for a real contribution.” 

The IIT assessment authored by Rasetti 
and Elio Raviola, a neurologist at Harvard 
Medical School in Boston, was commissioned 
last year by former Minister of Treasury Tom- 
maso Padoa Schioppa—he was replaced when 
Berlusconi returned to power. The report, 
which involved extensive site visits, evaluated 
the overall scientific activity of IIT. Cingolani 
says he considers it a positive evaluation, but 
Rasetti says he and Raviola judged IIT as 
underperforming. 

Three of IIT’s main areas of research—neu- 
roscience, robotics, and nanotechnology—are 


intended to merge results and focus on the cre- 
ation of intelligent machines, in particular 
humanoid robots and high-tech bioelectronic 
interfaces such as those between the brain and 
prostheses or artificial sensors. IIT researchers, 
for example, have helped create a humanoid 
robot called iCub produced as part of European 
Union-wide collaboration. Yet Rasetti says he 
and Raviola concluded that there is little coor- 
dination among the three research areas and 
that much of IIT’s research is outside the areas 
laid out in the institute’s plans. 

IIT’s management structure has also raised 
eyebrows. IIT’s president, Vittorio Grilli, is the 
director general of the Italian treasury. “Grilli 
is in charge of allocating money to the same 
institution he chairs,” says Rasetti. “This can- 
not be accepted.” 

IIT has also been criticized for 
padding its scientific roster with big 
names who primarily work else- 
where, much as some have 
accused China of doing 
(Science, 22 September 
2006, p. 1721). “This 
situation penalizes 
young researchers [at 
IIT] who are left 
alone, without 
any leader- 


Italian Job. IIT has 
been central to building 
this humanoid robot 
called iCub. 


ship. I think one 
person shouldn’t 
lead two research 
groups at the 
same time,” says 
Rasetti. “We con- 
sider this as a 
major problem. 
This situation won't help IIT 
to reach top-quality research.” 

Cingolani, however, contends IIT’s “bril- 
liant scientists” have already achieved that 
goal. Whether IIT will ever compare to MIT is 
an open question, but there appears little doubt 
Italian scientists will continue to argue about 
the contentious and costly venture. 

—-LAURA MARGOTTINI 
Laura Margottini is a freelance writer based in London. 
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AMERICAN ASTRONOMICAL SOCIETY 214TH MEETING 


Dark-Matter Model Multiplies 
Mass of Galactic Black Holes 


Distant quasars harbor at their centers black 
holes as massive as 10 billion suns. The black 
holes in the middle of nearby galaxies are 
featherweights by comparison. Why the dif- 
ference? According to new research pre- 
sented at the meeting, astronomers may have 
been systematically underestimating nearby 
black hole masses by a factor of two to three. 

Researchers figure out the mass of a 
galaxy by measuring the velocity of stars 
orbiting within it and calculating the 
amount of gravity required to keep them 
moving. The galaxy’s light provides a mass 
measure for all the stars in it. Subtracting 
that from the galactic mass gives the mass of 
the central black hole. 

Karl Gebhardt of the University of Texas 
(UT), Austin, and Jens Thomas of the Max 
Planck Institute for Extraterrestrial Physics 
in Garching, Germany, applied new com- 
puter models to work out the mass of the 
black hole in the middle of M87, a giant 
galaxy relatively near our Milky Way. 
Unlike previous estimates, their work fac- 
tored in the dark halo—the invisible sphere 
of dark matter surrounding the galaxy. 


| 7-11 JUNE 2009 | 


Gebhardt says he and other 
researchers had always as- 
sumed the halo wasn’t impor- 
tant for the calculation. 

It was. Running the model 
on a powerful supercomputer 
called Lonestar at UT Austin, 
the team found the black hole’s 
mass to be 6.4 billion times the 
mass of our sun, between two 
and three times previous esti- 
mates. The magnitude of the 
effect “caught us off guard,” 
says Gebhardt. 

Earlier models underesti- 
mated the effects of dark 
matter on the outskirts of a 
halo, says Avi Loeb of Harvard 
University. As a result, they 
assumed the wrong “mass-to-light ratio” —a 
crucial factor for calculating a galaxy’s mass. 
Including the dark matter reduces the esti- 
mated mass of the galaxy’s stars and confers 
more mass on the black hole. “With the new 
estimate for the black hole mass in M87, M87 
is now closer to being a remnant of a lumi- 
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Star Studies Yield Better Yardsticks 


Measuring cosmic distances is a tricky busi- 
ness. At the meeting, researchers presented 
findings that could make the job easier and 
help refine estimates of the rate of expansion 
of the universe. 

Astronomers determine the distance to 
galaxies by looking at stellar objects of known 
brightness, often called standard candles. 
Comparing their actual brightness with their 
apparent brightness from Earth reveals how 
far they are. 

Jonathan Bird, a graduate student at Ohio 
State University, Columbus, reported results 
that could triple the distances measurable 
using standard candles known as Cepheid 
stars. Cepheids, which brighten and dim over 
a time period proportional to their intrinsic 
luminosity, are trusted mile-markers of dis- 
tances up to 100 million light-years. But at 
periods longer than 80 to 100 days, the corre- 
lation between brightness and period breaks 
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down, making their actual luminosity difficult 
to figure out. That’s too bad for astronomers 
because Ultra Long Period (ULP) Cepheids 
are bright enough to be observed at distances 
of up to 300 million light-years. 

Combing the literature, Bird and col- 
leagues found 18 ULP Cepheids in nearby 
galaxies. Because the galaxies’ distances are 
known, the researchers could calculate the 
intrinsic luminosities of the Cepheids. They 
all turned out to be similar, regardless of 
period. “Cepheids that fall off the correlation 
between period and brightness seem to fall 
into the same place,” says Bird. Now 
researchers can use distant Cepheids as stan- 
dard candles, he says. 

James Braatz, a researcher at the National 
Radio Astronomy Observatory, unveiled 
another signpost: a galaxy called UGC 3789 
that he and colleagues determined to be about 
160 million light-years away. What makes the 
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Lining up. New calculations bring M87’s black hole mass closer to that 
of black holes in quasars. 


nous quasar,’ Loeb says. 

“Knowing just how big black holes within 
galaxies are” will have a fundamental impact 
on “efforts to understand how galaxies grow 
and change,” says Tod Lauer, an astronomer 
at the National Optical Astronomy Observa- 
tory in Tucson, Arizona. -Y. B. 


galaxy special is the presence of water mole- 
cules that act as a maser, amplifying radio 
waves emanating from the gas clouds rotating 
around the galactic center. 

The maser effect allowed Braatz and col- 
leagues to map the galactic disk and infer the 
rotational velocity of the gas clouds from the 
Doppler shift in their spectra. In follow-up 
observations, the researchers derived the 
acceleration of the clouds by watching their 
velocities change over time. Combining their 
data, they were able to get the diameter of the 
galactic disk, which, compared with the disk’s 
apparent size from Earth, provided the dis- 
tance to the galaxy. 

The findings could lead to better esti- 
mates of the Hubble constant, which gauges 
how quickly the universe is flying apart, 
says Adam Riess, an astrophysicist at Johns 
Hopkins University in Baltimore, Mary- 
land. “It would be fantastic to find more 
ULP Cepheids,” he says, noting that “they 
are pretty rare.” 

—-YUDHIJIT BHATTACHARJEE 


19 JUNE 2009 


1503 


1504 


The Promise of a Cure: 
20 Years and Counting 


The discovery of the cystic fibrosis gene brought big hopes for 
gene-based medicine; although a lot has been achieved over 2 decades, 
the payoff remains just around the corner 


The gene hunt began quietly, with few the- 
atrics and much uncertainty. 

For Mitch Drumm, the starting gate 
lifted in the fall of 1985. He and geneticist 
Francis Collins met on opposite sides of a 
volleyball net, during a faculty-student 
mixer at the University of Michigan, Ann 
Arbor. Drumm, shorter than the lanky 
Collins, was outmatched in volleyball. But 
Collins quickly recruited Drumm to join the 
lab he was setting up, as its first graduate 
student. There, Drumm began experiment- 
ing with a gene-hunting technique Collins 
had developed. As a test case, they chose 
cystic fibrosis (CF), an inherited disease in 


CYSTIC FIBROSIS KEY DATES 


1938: 

Physician Dorothy 
Hansine Andersen 
provides the first 
clinical description 
of cystic fibrosis. 


which sticky mucus accumulates in the 
lungs and elsewhere, eventually killing the 
patient. At the time, life expectancy hovered 
in the early 20s. 

Coincidentally, CF had been on Drumm’s 
mind. Just months before, the infant son of 
his family’s next-door neighbors, close 
friends in New Philadelphia, Ohio, had been 
diagnosed with the disease. Drumm still 
recalls the phone call from his mother relay- 
ing the devastating news. Like many others 
studying CF, he became immersed in the 
field by a personal connection, which carried 
him through ups and downs in the decades 
ahead. A big triumph came nearly 4 years 


1989: 
CFTR, the cystic 
fibrosis gene, is 


1983: found. Median 
Chloride life expectancy for 
transport is those with CF is 
identified as about 29. 

the major 


defect in CF. 


All grown up. Danny Bessette, a 24-year-old with 
CF, was 4 years old when he appeared on the cover of 
Science announcing the discovery of the CF gene. 


after signing up with Collins, in the spring 
of 1989. In collaboration with a large 
research group in Toronto, Canada, that had 
started an aggressive chase for the CF gene 
years earlier, the team cloned the CF gene— 
called the cystic fibrosis transmembrane 
conductance regulator (CF TR)—and nailed 
a crucial, disease-causing mutation (Science, 
8 September 1989, pp. 1059, 1066, 1073). 

Everyone in the CF community recalls 
the electric moment when they heard the 
news. “I remember seeing it roll off the fax 
machine, gathering people in the lab, and 
thinking, ‘What did we need to know’ ” 
now? says Michael Welsh, a pulmonary 
physician at the University of Iowa, Iowa 
City. Most believed that the disease had 
grown vastly less complex overnight and 
would soon be eliminated, probably by 
gene therapy. 

On the 20th anniversary of the identifica- 
tion of the CF gene, as new gene discoveries 
pile up weekly and hype over the power of 
genes to transform medicine flows fast, CF 
offers an object lesson in how difficult it is, 
and how long it takes, to convert genetic 
knowledge into treatments. Every CF expert 
agrees that the gene discovery transformed 
their understanding of the disease’s pathol- 
ogy. But even after so much hard work, not a 
single therapy based on the CF gene has 
reached the market. Some promising treat- 
ments, especially gene therapy, have proven 
bitterly disappointing. 

“We were naive,” says Johanna Rommens, 
who at the time was a postdoc in Lap-Chee 
Tsui’s lab at the Hospital for Sick Children 
in Toronto, the counterpart to Collins’s 
group in Michigan. In her 20s and relatively 
new to science back then, Rommens couldn’t 
imagine a problem that defied resolution. 
“T thought I could do anything,” she says. “I 
sometimes feel discouraged that this was so 
hard.” Keen to experiment with other 


1990: 

Scientists suggest 
that protein folding 
is behind CF. 


19 JUNE 2009 VOL324 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDITS: (TOP) STEVE BARRETT; (BOTTOM, LEFT TO RIGHT) LIBRARY OF MEDICINE/WIKIPEDIA; SCIENCE 


genetic diseases, Rommens subsequently 
left the CF field. 

Although gene therapy hasn’t paid off, 
prospects have improved for those with CF: 
Their median life expectancy has stretched 
almost 10 more years and now exceeds 37. 
This is thanks not to genetic knowledge, 
however, but to more aggressive and earlier 
treatment to keep the lungs clear. 


Soaring hopes 

In October 1989, a month after the CF gene 
was published in Science, gene therapist 
James Wilson strode to the speaker’s podium at 
a Florida cystic fibrosis conference to discuss 
prospects for gene therapy. Thousands of 
people—physicians, scientists, families— 
packed the meeting. “I get shivers talking 
about it right now,” says Wilson, who then 
worked down the hall from 
Collins at Michigan and is 
now at the University of 
Pennsylvania. “The excite- 
ment was palpable. I have 
never felt energy like that 
ever before.” 

There was broad consen- 
sus that the time for CF gene 
therapy had arrived. Two 
advances buoyed hopes that 
this new technique, still in its 
infancy, would eliminate CF. First, scientists 
had managed to “cure” the disease in test 
tubes. They introduced a normal version of 
CFTR into cells from CF patients, compen- 
sating for a defective gene that produced no 
protein, or none the cell could use. In addi- 
tion another researcher, W. French Ander- 
son, then at the National Institutes of Health, 
began the first-ever clinical trial of gene ther- 
apy to treat an immune deficiency syndrome, 
demonstrating that gene transfer in people 
was feasible. By then, in the fall of 1990, says 
Wilson, “expectations for the success of gene 
therapy for CF were as high as I’ve ever seen 
for any disease, under any circumstances, in 
the 20 years I’ve been involved in this.” 

Looking back, many CF experts consider 


1990: 


Patients with 


an excessive focus on gene therapy in the 
early years to have been a big mistake. Like an 
investor who gambles much of his or her for- 
tune ona single stock, “people kind of stopped 
doing the other things they were doing” and 
turned instead to strategies for getting the 
gene into lung cells, says Raymond Frizzell, a 
physiologist at the University of Pittsburgh 
in Pennsylvania. 


<< 


Then and now. Geneticist Mitch 
Drumm (inset, right) worked with 
Francis Collins (inset, left) in the 
1980s and helped identify the 
CF gene. He remains in the CF 
field today (main picture). 


Early successes in basic CF research also 
convinced scientists that new treatments were 
right around the corner. In addition to correct- 
ing the gene defect in cells, having CFTR in 
hand revealed that the healthy CFTR protein 
was an ion channel that helped transport chlo- 
ride and control the movement of water across 
cell membranes. Researchers determined that 
several mutations led to a protein-folding 
defect—one of the first protein-folding dis- 
eases identified. Then in 1992, Welsh and his 
colleagues published a paper in Nature 
explaining that the protein-folding problem 
could be corrected by chilling the cells. 
Although this tactic wasn’t useable in patients, 
it allowed “people to say, ‘It’s misfolded but 
you can overcome that,’ ” Welsh says. 


1992: 
Scientists describe the first 
mouse model of CF, but the 
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Even with these heartening advances in 
the early 1990s, there were hints that choppy 
waters lay ahead. The CF protein was a bear 
to work with because it didn’t respond well 
to classic analytical tools like Western blots 
and antibody assays, recalls Margarida 
Amaral, now on sabbatical at the European 
Molecular Biology Laboratory in Heidel- 
berg, Germany, who worked on the protein 
at the University of Lisbon in Portugal. 
“Nothing seemed to work.” 

In Wilson’s lab, meanwhile, postdoc John 
Engelhardt, now at the University of Iowa, 
was running into difficulties getting gene 
therapy to work. The gene’s expression var- 
ied wildly depending on which parts of the 
lung researchers examined. One great appeal 
of gene therapy for CF was that a vector car- 
rying a working CF gene could easily be 
introduced into the lung with aerosols. But 
Engelhardt found that only about 1% of cells 
lining the lung’s airway—the cells that come 
into contact with aerosols—boasted high 
levels of CFTR protein. 

Each advance provoked more questions. 
When Richard Boucher, an adult pulmo- 
nologist at the University of North Carolina, 
Chapel Hill, won a three-way race to create 
the first mouse model of CF in 1992, he and 
others were dismayed to find that the rodents 
didn’t mimic human disease. They shared 
the gut afflictions of CF patients, who must 
take pancreatic enzymes for life to break 
down thick secretions. But the lungs of CF 
mice, unlike those of their human counter- 
parts, were healthy. 

Like Drumm, Boucher traces his passion 
for CF to a personal experience: His daughter 
suffered several bouts of pneumonia as a baby 
and was suspected of having CF. Panicked, he 
read up on the disease; this drew him to a 
career teasing apart its mysteries. The CF 
mouse was a big one: Why were its lungs 
clear? Boucher and others determined that the 
animals had a second chloride channel that 
was unaffected by CE This led to a new under- 
standing of how the airway surfaces stayed 
healthy: As long as chloride could pass 
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A 23-year-old man with 
CF receives the first dose 
of gene therapy. 


CF Mouse 
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through, the lungs fared well. But in other 
ways, the mouse proved of virtually no value. 
It would be 15 years before other researchers 
found a better animal model. 

Meanwhile, gene therapy plowed ahead. 
In 1993, a 23-year-old became the first CF 
patient to receive a dose of healthy CFTR by 
gene transfer. Three small clinical trials 
began: one led by Wilson, one by Welsh, and 
one by Ronald Crystal at 
Weill Cornell Medical 
College in New York City. 
“Boy, there were all kinds 
of issues,” Wilson recalls. 
Among them: potent fears 
that the virus carrying 
healthy CFTR into a patient’s nasal passages 
or lungs would recombine with another 
virus, be shed by that patient, and “create an 
environmental catastrophe.” Volunteers in 
the trials were put in strict isolation. 

The bigger issue, as it turned out, was that 
gene therapy simply didn’t work. Few lung 
cells took up the gene. There were also con- 
cerns about inflammation, as the lung 
rebelled against a viral intruder. “You had to 
confront the reality of eons of evolution” that 
had built barriers against toxins and infec- 
tions, says Boucher, who also worked in CF 
gene therapy. Researchers in the United 
States spent several more years trying to get 
around this, tinkering with gene therapy in 
baboons, rhesus macaques, and other ani- 
mals, before largely giving up. 


Shifting gears 
Although the trials failed to help CF patients, 
they mattered to clinical research: For the first 
time, viral vectors were injected directly into a 
patient (as opposed to affected cells being 
removed, modified, and reinfused), and this 
became the new model for a nascent specialty. 
The CF trials also underscored the problem of 
immune reactions to treatment, which hadn’t 
previously been appreciated, says Wilson. 

In a funny way, “science has benefited 
more from the CF gene than CF has benefited 
from the science,” says John Riordan, a bio- 


“We have miles to go 
before we sleep.” 


—PAUL QUINTON, 
UC SAN DIEGO 


chemist and, with Tsui and Collins, one of the 
co-discoverers of the CF gene when he 
worked at the Hospital for Sick Children. Now 
at the University of North Carolina, Chapel 
Hill, Riordan never thought he’d still be work- 
ing on CF 20 years later. But he points out that 
CFTR, which belongs to a large family of 
membrane proteins, is unusual, using several 
different mechanisms to carry out its func- 
tions. As the years passed, biolo- 
gists studying CFTR learned 
much about how chloride is 
transported across cells, and 
that the protein may also influ- 
ence inflammation, cell signal- 
ing, and other processes. They 
found that cells build complexes of CFTR and 
other proteins to keep the system humming. 

But what about a cure for this genetic dis- 
ease, for which there’d been such high 
hopes? By 1998 or so, researchers knew far 
more about CF than they had 10 years before. 
They knew, for example, that hundreds of 
different mutations in CFTR could cause the 
disease and that not all disabled the protein in 
the same way—suggesting that different 
treatments might be needed for different 
patients. They knew, too, that CFTR couldn’t 
explain everything. Some severely affected 
12-year-olds needed lung transplants, and 
some 28-year-olds were running marathons— 
even when the quirk in their CFTR 
gene was identical. This led 
researchers to consider that other 
genes also play a role in CE, as do 
environmental factors. 

None of this was quickly lead- 
ing to new treatments. “1997, 
1998 was really the point where we said, 
“Academics are great, but if we really want to 
discover drugs, we’ve got to become more 
businesslike,’ ” says Robert Beall, president 


and CEO of the Cystic Fibrosis Foundation. 
The CF Foundation had been instrumental in 
funding the gene hunt and subsequent CF 
research, raising and investing tens of mil- 
lions of dollars. In the late 1990s, Beall 
began shopping around plans to develop 
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small-molecule, traditional drugs—back to 
basics after gene therapy had failed. 

“A lot of people thought that Bob Beall 
was going far out on a limb to put a lot of 
money into a strategy that was clearly risky,” 
says Collins. Multiple drugs might be needed 
to tackle different CFTR defects. Companies 
apparently were wary, too. Beall telephoned 
seven; two called back. One was Aurora Bio- 
sciences in San Diego, California, which was 
bought by Vertex Pharmaceuticals in 2001. It 
agreed, with generous support from the CF 
Foundation, to see what it could do. 


Progress at last 

More than $75 million and another 10 years 
later, two Vertex drugs are taking the CF world 
by storm. One, VX-809, is designed for the 
most common CF mutation and helps CFTR 
get to the surface of the cell. Only safety data 
are available on VX-809 so far. 

The other Vertex drug, VX-770, aims to 
boost the function of CFTR protein that’s 
already made its way to the cell surface— 
which would help in at least one of the CF 
mutations, accounting for a few percent of 
cases of the disease. Last October, Vertex 
reported that in a phase II trial, lung function 
of volunteers improved by 12% in 4 weeks of 
treatment. “That’s more than any drug ever 
improved the disease” in any span of time, 
says Beall. The excitement around 
Vertex is so great that at a recent 
CF fundraising walk, organizers 
gave two Vertex employees the 
bib numbers 770 and 809, says 
Paul Negulescu, a vice president 
of research at the company’s San 
Diego office. And everyone knew what those 
numbers meant. 

The CF field has enjoyed other recent 
breakthroughs. In September 2008, Welsh 
and his colleagues described a CF pig model 
in Science—the first animal model that 
closely resembles human CF. More recently 
at Iowa, Engelhardt, who worked in Wilson’s 
lab in the old days and also collaborated on 
the pig, has developed a CF ferret, the culmi- 
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nation of 10 years’ work. (The group spent 
more than 2 years just trying to understand 
ferret lung biology.) “Not having good animal 
models has really slowed the field down,” says 
Engelhardt. Therapies can have harmful side 
effects, so “when you think about treating a 
kid before they have overt disease, you’ve got 
to be pretty sure you’ve got a great treatment.” 
Testing in animals offers some reassurance. 

Gene therapy, too, is experiencing a resur- 
gence. In the United Kingdom, a team of 80 
investigators is launching a 100-person trial 
using fat particles—unlike the viral vectors in 
earlier U.S. studies—to carry CFTR to cells. 
The U.K.’s Cystic Fibrosis Trust has dedicated 
considerable effort, and $50 million, to gene 
therapy. “Someone needs to find out” if this 
works, says Eric Alton, a gene therapist at 
Imperial College London who’s heading up 
the trial, which he hopes will reveal how dis- 
tant the goal is. “We’re either sitting on the 
therapy, or we’re a million miles away from it.” 
Despite earlier setbacks, Alton still feels that 
gene therapy offers more hope than drugs, 
because in theory at least, it’s more compre- 
hensive. Researchers have found at least 20 
functions for the CFTR protein. A drug can 
correct only one or two at once—whereas 
gene transfer, if it works, can do it all. Results 
from Alton’s trial, which is just beginning, will 
come in 2012. 

There have been other developments: Pre- 
natal testing is increasingly offered to couples 
contemplating pregnancy, potentially reduc- 
ing the number of babies born with CF, 
although figures are difficult to come by. 
Forty-seven states and many countries now 
test newborns for CF, enabling treatment to 
start right away rather than months or years 
later, when a child fails to thrive. 


Humbling science 

Many CF experts say that, after 20 long, frus- 
trating years, it’s possible now, finally, to look 
patients in the eye and assure them that in a 
few years, treatment will be vastly improved. 
And patients are optimistic, too. “I can’t 
imagine where we’re going to be in another 
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25 years if it’s not cured,’ says Ryan Ress, a 
24-year-old with CF. Ress was Drumm’s 
infant next-door neighbor who inspired the 
geneticist, now at Case Western Reserve Uni- 
versity in Cleveland, Ohio, to stick with CF, 
and the two remain in touch. Ress majored in 
biochemistry in college and spent a summer 
working in a CF lab next door to Drumm’s. 
He’s now studying to be a neonatal nurse 
practitioner. Ress is convinced that CF will be 


Needle in a haystack. Capsules, each containing 
DNA that might harbor the CF gene, filled the freezer 
in Lap-Chee Tsui’s lab in Toronto. 


conquered, based on his reading of the dis- 
ease literature and the belief that “there will 
be a reward” for CF researchers for their 
backbreaking years of work. 

But with lessons learned the hard way, 
caution abounds, too: “We have miles to go 
before we sleep,” says Paul Quinton, a phys- 
iologist at the University of California, San 
Diego. Quinton is a rare bird. At 20, in col- 
lege and thinking about his own mortality, 
he says, he began combing through text- 
books in his campus library, hunting for an 
explanation for the abdominal troubles, 
chronic cough, and lung problems that had 
plagued him for years. In books he found an 
answer: CF. Soon after, Quinton abandoned 
his dream to become a poet and turned to 
understanding his disease. In 1983, he deter- 
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mined that chloride transport was the funda- 
mental defect in CF, one of the biggest 
breakthroughs in the field. 

Quinton learned via genetic testing that he 
harbors one severe mutation and one that’s 
milder, a combination that may explain why 
he’s survived as long as he has. Now 64, he 
admits that he was as optimistic as the next 
person when the CF gene was found, even 
declaring in an editorial in Nature that the 
chance to cure CF had become reality. These 
days, though, he sees questions everywhere. 
How, exactly, does normal CFTR function? 
How does the absence of CFTR lead to the 
thick mucus of CF? Will even today’s most 
promising drugs work in more than a very 
narrow slice of patients? 

The case of CF, agrees Amaral, is “a les- 
son in being humble in science.” 

What does this mean for the flood of 
genes identified in the years since—both 
for single-gene diseases and more complex 
ailments? One shouldn’t generalize from 
the CF story, says the irrepressibly opti- 
mistic Collins, former director of the 
National Human Genome Research Insti- 
tute, because every disease is different. 
He knows of at least one—progeria, which 
causes accelerated aging—in which a gene 
he helped identify led to a drug within 
5 years that’s now being tested in nearly 
every child with the disease. 

Collins’s early competitor and later col- 
laborator in the CF gene hunt, Tsui, treads 
more carefully. “Because of the excitement, 
some scientists, perhaps even disease fund- 
ing agencies, ... wanted to give people hope, 
or give themselves hope,” says Tsui, who in 
2002 left Toronto to become vice-chancellor 
and president of the University of Hong 
Kong. “They were a little bit optimistic at 
predicting when a cure would be there. ... 
[It] taught a lesson to other gene 
researchers.” Namely: don’t spin prophe- 
cies, don’t assume that the gene is the end of 
the story. Rather, it’s just the end of the 
beginning, with a long road still ahead. 

—JENNIFER COUZIN-FRANKEL 
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Median life expectancy for those with 
CF exceeds 37 years old, thanks to 
more aggressive and earlier treatment. 
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Radio Astronomers Go for High 
Gain With Mammoth Telescope 


Construction is about to commence on the world’s biggest single-dish radio tele- 
scope, which will take aim at exotic beasts such as pulsars and dark galaxies 


DAWODANG, CHINA—Descending into the 
limestone valley where China has chosen to 
build its paramount telescope is a treacher- 
ous hike. So steep and vast is the depression 
that the few dozen villagers who live at the 
bottom rarely leave. 

Scale is precisely what China is going for 
with the 500-meter Aperture Spherical Radio 
Telescope (FAST), a massive instrument that 
the government hopes will thrust China to the 
forefront of radio astronomy. This month, 
engineers from the Chinese Academy of Sci- 
ences’ National Astronomical Observatories 
in Beijing will drill into this remote corner of 
Guizhou Province for a final round of geo- 
engineering studies before breaking ground 
later this year. When FAST sees first light in 
2014, it will measure more than five football 
fields in diameter, making it the largest single- 
dish radio telescope in the world. 

FAST is modeled on Arecibo, the 305- 
meter-diameter radio telescope cradled in a 
limestone karst valley in Puerto Rico—a 
sight so arresting that the dish is a popular set- 
ting for science-fiction movies. But with a 
collecting area twice that of Arecibo’s, FAST 
will be even more striking. “It’s going to be an 
extremely impressive project,’ says Donald 
B. Campbell, an astronomer at Cornell Uni- 
versity and associate director of the National 
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Nearing the finish line. Nan Rendong has been 
laying plans for FAST since the early ‘90s. 


Astronomy and Ionosphere Center, which 
operates Arecibo. “We're expecting them to 
do some good science with it.” 

Since Arecibo was completed in 1963, 
radio astronomy has charted some important 
advances. Key among these is the develop- 
ment of radio interferometry, or antennas 
linked in a network to achieve high resolu- 
tion and high frequency by covering a wide 
geographic area. Today’s radio telescopes 
include both interferometric arrays and sin- 
gle dishes, which operate at a lower resolu- 
tion but simplify data collection. “You can 
build a large number of small dishes, or you 
can build a small number of large dishes,” 


Bigger is better? At a half-kilometer 
in diameter, FAST will make Arecibo 
(inset) look petite. 


says Nan Rendong, FAST’s chief scientist 
and engineer. 

China’s decision to opt for a single dish 
was partly strategic. “I looked around and 
thought, ‘We cannot compete in phased 
arrays,” Nan says. Even so, astronomers say 
single-dish telescopes are valuable for study- 
ing everything from magnetic fields to pul- 
sars. FAST’s jump in size will mean a leap for 
astronomy in those areas. 

FAST will boast twice the sensitivity of 
Arecibo, allowing astronomers to cut 
through cosmic dust to detect weaker signals 
from a greater distance. And although 
Arecibo can eavesdrop on a swath of sky 
ranging 20 degrees from the zenith, FAST 
will tune in signals from an arc twice as 
wide, a difference that will expand access to 
parts of the universe out of Arecibo’s reach. 
“They will be able to sample a large portion 
of the Milky Way,” says James M. Cordes, a 
radio astronomer at Cornell who observes at 
Arecibo. That’s important, he says, for sur- 
veying pulsars and using the rapidly spinning 
neutron stars to shed light on gravitational 
waves and general relativity in our galaxy. 

Plans for China’s behemoth dish date to 
the early 1990s, when astronomy in the coun- 
try was opening up to the outside world. In 
1993, astronomers from China joined col- 
leagues from around the globe in Kyoto for 
an International Union of Radio Science 
meeting, at which they discussed plans for a 
Large Telescope, the precursor to today’s 
international Square Kilometre Array 
(SKA). The next year, Nan and Peng Bo, 
both of National Astronomical Observato- 
ries, began surveying sites in western China. 

The astronomers saw Arecibo as a com- 
pelling model, figuring that they could 
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reproduce the dish with updated technol- 
ogy. It helped that China abounds in karst, 
much of it in underdeveloped areas with 
low radio interference. “FAST takes advan- 
tage of our geography,” says Shen Zhiqiang, 
an astronomer at the Shanghai Astronomical 
Observatory. 

In the mid-1990s, at the Beijing obser- 
vatory’s request, the Chinese Academy of 
Sciences’ Institute of Remote Sensing 
Applications surveyed karst formations in 
southwest China using QuickBird satellite 
photos. Nan and his col- 
leagues looked for round, 
uniform sinkholes that were 
middle-aged in geological 
terms, meaning they weren’t 
yet filled with debris from 
erosion. Smaller candidates 
were marked for China’s SKA 
proposal—the Kilometer- 
square Area Radio Synthesis 
Telescope (KARST), which 
would have entailed a series of 
200-meter reflectors spread 
out over 30 smaller depres- 
sions. A larger depression was 
reserved for FAST, described 
as an SKA prototype. 

China’s plan disintegrated 
in 2006, when SKA’s steering 
committee opted for an array 
of smaller antennas, a choice 
that ensures better imaging. 
But preparations for FAST 
continued. Last year, China’s 
National Development and Reform Com- 
mission authorized $97 million for the proj- 
ect. By that point, Nan and his colleagues 
had settled on Dawodang, a nearly perfectly 
circular valley ringed by karst peaks. 
Spaced between the peaks will be six towers 
strung with cables supporting FAST’s 
focus. Curving down from the towers will 
be the dish itself. 

For searches that require sensitivity but 
not imaging, a single dish offers quicker 
processing speeds. “If you look back at the 
history of Nobel Prizes for physics, several 
have been awarded for work done using a 
single dish,” says Nan. For example, Russell 
Hulse and Joseph Taylor Jr. of Princeton 
University discovered binary pulsars using 
Arecibo in 1974, a landmark find that 
earned them the 1993 prize. 

FAST will be structurally different from 
its U.S. cousin, however. Arecibo’s focus is 
suspended over its reflector by a 900-ton 
movable platform, a design that is both 
unwieldy and expensive at a larger scale. 
FAST’s reflector will instead do the tweak- 
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KARST’s home. Before construction of the 
gigantic dish can begin, Huang Huamei 
and other villagers must be resettled. 


ing through 4600 adjustable parabolic 
plates, and the cabin containing its focus 
will be lighter. 

More critical to the science, FAST will 
have 19 feed horns, whereas Arecibo cur- 
rently has just seven. That will allow FAST’s 
surveys to be conducted with more sensitiv- 
ity or, well, FASTer. That’s a boon for obser- 
vations, says Nan: “If you have a larger field 
of view, it’s much easier to capture blinking 
transient phenomena” such as comets, mete- 
ors, and supernovae. 


A chief astronomical 
target for the new telescope is pulsars. 
Arecibo has excelled at pulsar hunting, and 
FAST’s heightened sensitivity means it 
should find many more. Once the Chinese 
scope starts looking for pulsars, in just 
230 days of operation it stands to increase 
the number of known pulsars nearly four- 
fold to about 7000, says Richard Manchester, 
a pulsar expert at Australia’s Common- 
wealth Scientific and Industrial Research 
Organisation who served on a panel that 
evaluated FAST in 2006. Astronomers hope 
at least one of the new crop will be a pulsar 
orbiting a stellar-mass black hole, which 
would enable them to test general relativity 
and other theories with great precision. 
“That’s one of the holy grails of astron- 
omy,” Manchester says. 

Neither Arecibo nor FAST are in the right 
location to tune in to chatter from Sagittarius 
A’, the black hole believed to lie at our 
galaxy’s center; SKA is better positioned for 
that task because it will be sited in the South- 
ern Hemisphere, in Australia or South 
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Africa. But FAST’s high sensitivity will 
expand knowledge of distant galaxies that 
formed when the universe was young. Specif- 
ically, FAST will enable astronomers to 
detect the weak hydrogen line that is crucial 
to locating starless clusters of dark matter 
known as “dark galaxies.” “They are little 
beacons out there that could be used for 
studying the structure of the universe,” says 
Richard Strom, an astronomer at the Nether- 
lands Institute for Radio Astronomy in 
Dwingeloo who has advised China on FAST. 

On a more fantastic quest, 
Nan hopes the telescope will 
advance the search for extra- 
terrestrial intelligence (SETI). 
Under Project Phoenix, the 
SETI Institute in Mountain 
View, California, has surveyed 
about 800 sunlike stars using 
Arecibo and other radio tele- 
scopes. Nan says FAST will 
increase that number to 5000. 
Uncovering signs of life in other 

solar systems is a “long 

shot,” says Manchester. 
“But it’s something that 
FAST might be able to do.” 
For now, however, 
FAST’s founders are train- 
ing their sights on the 
rugged landscape of south- 
eastern Guizhou. “It’s a 
huge construction job,” 
notes Arecibo’s Campbell. 
In April, engineers visited 
Dawodang to survey the site 
and inspect locations for the telescope’s 
towers. After this month’s drilling is com- 
pleted, workers will widen the canals lead- 
ing out of the valley to ensure that monsoon 
rains don’t turn FAST into the world’s 
largest swimming pool. 

Among the remaining challenges is relo- 
cating the dozen families who have been 
eking out a subsistence living in the karst 
depression for as long as anyone can remem- 
ber. The local government is building two- 
story houses for the villagers several kilo- 
meters away, but they’re reluctant to move. 
“T haven’t left [Dawodang] for 10 years,” 
says 74-year-old Huang Huamei. 

Once the farmers are resettled, FAST’s 
construction team can bring in bulldozers 
and lay the colossal dish’s foundations. The 
project is running a few months behind 
schedule. But when the telescope is com- 
plete, the country will have an instrument of 
epic proportions. Cue the film crews. 

—-MARA HVISTENDAHL 
Mara Hvistendahl is a writer in Shanghai. 
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ECONOMIC RECOVERY 


ISO ... 3.5 Million U.S. Jobs 


Economists are shaking their heads at the Obama Administration's claim to be able 
to count the jobs that will flow from the stimulus package 


Last week, the White House announced that 
the massive stimulus package approved this 
winter has created or saved more than 
150,000 jobs in its first 100 days. The next 
100 days will add another 600,000 jobs, pre- 
dicted Jared Bernstein, economic adviser to 
Vice President Joe Biden, whose office is 
responsible for tracking the impact of the 
nation’s $787 billion spending spree, known 
officially as the American Recovery and 
Reinvestment Act (ARRA). 

In fact, no data on job creation yet exist. 
The numbers come from economic models. 
“Once you know the spend-out and the type 
of spending that you’re engaged in, then you 
can derive an estimate of how many jobs you 
believe you created relative to what would 
have occurred in the job market were you not 
doing that spending,” Bernstein explained. 
“This is an absolute tried-and-true economic 
methodology.” In a May report on job cre- 
ation, the President’s Council of Economic 
Advisers (CEA) does not sound quite so 
confident, stating that “this is an exercise 
that should be done despite [a] likely large 
margin of error.” 

Welcome to Economics 101, Washington- 
style. When he signed it into law in Denver, 
Colorado, on 17 February, President Barack 
Obama proclaimed that ARRA “will create 
or save three-and-a-half-million jobs over 
the next 2 years, including nearly 60,000 in 
Colorado.” Most economists take such pre- 
dictions with more than a grain of salt. In 
normal times, they say, modeling can do a 


fair job at coming up with useful prognosti- 
cations. But in times like these, as Princeton 
University economist Harvey Rosen puts it, 
“all bets are off.” 

Phillip Swagel, former chief economist at 
the Treasury Department, says that CEA has 
tried so hard to be specific about job creation 
over time and in individual states that its 
numbers are “as close to meaningless as you 
can get.” What’s more, says economist 
Andrew Reamer of the Brookings Institution 
in Washington, D.C., even if the numbers 
turn out to be right, ARRA contains no provi- 
sions for predicting the longer term contribu- 
tions to the economy. “You can have a lot of 
jobs [in which] people are just chasing their 
tails,’ Reamer observes. 

There’s also a political dimension to 
counting jobs, says Donald Marron, a mem- 
ber of CEA under President George W. Bush. 
Recipients of ARRA money, he says, “have a 
lot of incentive to make this look effective.” 
That could lead, he says, to reports of jobs 
being “saved” that in fact were never slated 
for the chopping block. 

Observers give the White House credit 
for doing its darnedest to try to make sense 
of the confusion. Even before Obama took 
office, economists worked feverishly to cal- 
culate the job impact of a recovery plan, 
anticipating that the package would be in the 
neighborhood of $770 billion in tax cuts, 
“fiscal relief” to states, and direct govern- 
ment spending. In January, 10 days before 
the inauguration, Bernstein and Christina 


Romer, now chief of CEA, predicted that 
3,675,000 jobs would have been created or 
retained by September 2010. 

That number came with some footnotes, 
however. It features three definitions of the 
word “job”—direct, indirect, and induced— 
offered in two flavors—created and pre- 
served. Relying heavily on a quarterly macro- 
economic model of the U.S. economy from 
the Federal Reserve Board and data from 
economy.com, a Web site run by Moody’s 
Investors Service, Bernstein and Romer pre- 
dicted that the stimulus would increase gross 
domestic product by 3.7%. Each percentage 
point corresponds roughly to a 1% increase 
in employment, or | million jobs. Tax cuts 
are responsible for about | million jobs, with 
the rest being generated by infusions of cash 
into numerous state and federal programs. 
Construction projects alone claim 18%, the 
largest single share. 

But Bernstein and Romer didn’t stop there. 
They went on to make state-by-state and 
industry-by-industry employment estimates. 
The state analyses drew upon three sets of 
data: the working-age population of the state; 
the state’s proportion of total U.S. employ- 
ment; and employment in particular industries 
as of 2007. A state with 10% of the nation’s 
aluminum manufacturing jobs was assumed 
to get 10% of the jobs created or retained in 
that industry as of the end of 2010. Bernstein’s 
estimate of 150,000 new or salvaged jobs— 
the models can’t predict which they are—was 
based on such assumptions. 

In their January report, Bernstein and 
Romer forecast an unemployment rate by the 
middle of 2009 of about 8% with the stimu- 
lus, and 8.5% without it. When the May 
unemployment rate, announced last week, 
turned out to be 9.4%, Bernstein didn’t miss 
a beat. Even though the economy contracted 
more violently than expected in late 2008, he 
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Defining a job. A highway contract can also gener- 
ate “indirect” jobs for parts suppliers and “induced” 
jobs for waitresses. 


said, the expectation of 3.5 million jobs from 
the Recovery Act remains intact. 

That economic legerdemain highlights a 
point made by critics of the approach: With 
no baseline—there is no parallel universe 
with an unstimulated U.S. economy—there 
is no way to test the prediction. Rosen, who 
also served in Bush’s CEA, says the Obama 
Administration can take credit for millions 
more jobs regardless of what happens to the 
economy. “I’m not claiming that the Bush 
Administration would do it any better,’ adds 
Rosen. Rather, he says, following conven- 
tional models “makes more sense when 
things are proceeding normally.” 


Telling Uncle Sam 
How, in fact, do you know when a job is 
“sustained” that might otherwise have been 
lost? How can you distinguish a “created” 
job from one that is being filled by some- 
one who already had one? And what’s the 
definition of a job, anyway? In May, CEA 
said it anticipates that ARRA jobs will fall 
into three categories. The first is those 
financed directly from stimulus 
money. The second type is 
created “indirectly”: when a 
cement company, for example, 
gets business from a highway 
contractor receiving ARRA 
money. The third kind is 
“induced,” for example, a wait- 
ress hired to serve workers 
employed on a nearby ARRA- 
funded construction project, or 
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which includes stimulus money flowing to 
academic research projects, is also expected 
to generate the biggest bang for the buck in 
jobs, according to CEA, which estimates that 
a contract or grant worth $92,000 translates 
into one job for | year. 

The rules for how to report job creation 
or preservation were due out this week, 
according to the Office of Management and 
Budget (OMB). Preliminary OMB guide- 
lines say that quarterly reports should 
include “a narrative description of the 
employment impact,” including estimates of 
numbers of jobs created or retained, meas- 
ured as full-time equivalent positions. 

However it is defined, the task of count- 
ing jobs won’t be easy. “They’re not going 
to have a clue,” says a government econo- 
mist who asked not to be quoted by name. In 
addition to the elusive nature of the jobs 
themselves, there’s also the question of 
duration. Many jobs are like fireflies, flash- 
ing on one minute, off the next. “Fifteen per- 
cent of jobs last for less than a quarter [of the 
year],” says labor economist Julia Lane, 
director of a new program at the National 
Science Foundation called the Science of 
Science and Innovation Policy. That tran- 
sient nature is at odds with CEA’s definition 
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Association of American Universities in 
Washington, D.C. “What kind of work can 
be counted toward a job retained? If one 
university counts one way and one another, 
then none of the data becomes comparable.” 

Lane hopes to find a way out of the 
swamp, taking an approach that is intended 
to relieve scientists of most of the burden. It 
calls for coordinating administrative records 
that already exist within the offices of 
finance, human resources, and research at 
most universities. Creating an administra- 
tive tracking system would mean developing 
uniform definitions of what is a “created” 
and what is a “retained” job, she says. There 
would still be issues of privacy and confi- 
dentiality, feasibility, and cost. But, she says, 
such a system shouldn’t be too costly 
because the data will already have been gen- 
erated. Lane says a pilot project is planned at 
perhaps a half-dozen universities. 

Prem Paul, vice chancellor for research 
and development at the University of 
Nebraska, Lincoln, thinks that such a system 
would be “extremely helpful.” Research uni- 
versities are setting up Web sites and adver- 
tising positions to help administer the 
expected windfalls from ARRA, which 
includes $21.5 billion for R&D. Paul says 
Nebraska is applying for a total 
of $75 million in ARRA funds, 
and the university will have to 
hire “hundreds” of additional 
staff to do the reporting if all the 
applications are successful. 

Although universities are 
required to report only on 
“direct” job creation, recipients 
of other types of funding, such as 
from the Department of Trans- 


a mall employee serving cus- 
tomers spending their tax 
rebates. 

CEA hasn’t figured out a 
way to separate direct from indi- 
rect jobs, but it predicts that the two cate- 
gories, combined, will account for about 
two-thirds of job creation or retention. 
Induced jobs make up the rest. For example, 
ARRA’s $288 billion in tax cuts will lead to 
about a million jobs by CEA’s calculations. 
But the council acknowledges that “there is 
no mechanism available [in ARRA] for col- 
lecting data on actual job creation” either 
from tax cuts, from $81 billion in payments 
to people hurt by the recession, or from the 
$144 billion in “fiscal relief” to states. 

The burden of reporting how many jobs 
have been created or preserved will fall upon 
those who receive the $271 billion in direct 
government spending. That mechanism, 
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Keeping it real. The unemployment rate as of May was higher than January pro- 
jections with or without the stimulus. 


of a job retained as “an existing position 
that would not have been continued were it 
not for ARRA funding.” Continued, but for 
how long? 

Universities and state and federal agen- 
cies are scrambling to figure it all out, and 
their strategies are likely to vary by type of 
recipient. In academia, for example, there’s 
the question of whether a graduate student 
counts as an employee or a student. Even if 
universities gear up to collect data that 
relates to job creation or retention, ques- 
tions remain. “There’s a lot of concern in the 
community about how we could, even with 
the best of guidance, ensure that we report 
comparable data,” says Tobin Smith of the 
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portation, must track not only 
direct but also indirect jobs from 
billions of dollars in construction 
projects. The Federal Highway 
Administration alone will be 
doling out $26.7 billion to states and locali- 
ties for highway construction and mainte- 
nance. The department plans to tell funding 
recipients to use expenditure data and apply 
rules of thumb supplied by the CEA such as 
the $92,000-per-job-year figure. 

One thing that is already clear is that 
ARRA is having a salubrious effect on gov- 
ernment job creation. Thousands are being 
hired to send out the checks and to handle 
reporting from ARRA recipients. Using job 
reports that are starting to pour in, CEA 
hopes that its next report in August will con- 
tain some real numbers. But theory—some 
would say guesswork—will still loom large. 
—CONSTANCE HOLDEN 
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PHYSICS 


Is Quantum Mechanics Tried, True, 
Wildly Successful, and Wrong? 


A skeptical physicist charges that his field has been wandering in a philosophical 
wilderness for 80 years. The good news: He thinks he knows the way out 


Antony Valentini has never been happy with 
quantum mechanics. Sure, it’s the most power- 
ful and accurate scientific theory ever devised. 
Yes, its bizarre predictions about the behavior 
of atoms and all other particles have been con- 
firmed many times over with multi-decimal- 
place exactitude. True, technologies derived 
from quantum mechanics may account for 
30% of the gross national product of the 
United States. So what’s not to like? 

Valentini, a theoretical physicist at Imper- 
ial College London (ICL) and the co-author of 
a forthcoming book on the early history of 
quantum mechanics, believes that shortly after 
the theory’s birth some 80 years ago, a cadre of 
influential scientists led quantum physics 
down a philosophical blind alley. As a result of 
that wrong turn, Valentini says, the field 
wound up burdened with paradoxical duali- 
ties, inexplicable long-distance connections 
between particles, and a pragmatic “shut up 
and calculate” mentality that stifled attempts 
to probe what it all means. But there is an alter- 
native, Valentini says: a long-abandoned “road 
not taken” that could get physics back on 
track. And unlike other proposed remedies to 
quantum weirdness, he adds, there’s a possible 
experiment to test whether this one is right. 

“There isn’t a more insightful or knowl- 
edgeable critic in the whole field of quantum 
theory,” says Lee Smolin, a theoretical physi- 
cist at the Perimeter Institute for Theoretical 
Physics in Waterloo, Canada. Smolin, who 
researches a subfield known as quantum grav- 
ity, has long held that current quantum theory 
is incomplete at best. 

Ina book to be published later this year by 
Cambridge University Press, Valentini and co- 
author Guido Bacciagaluppi, a philosopher of 
physics at the University of Aberdeen in the 
United Kingdom, reassess a pivotal and con- 
tentious meeting at which 29 physics luminar- 
ies—including Louis de Broglie, Niels Bohr, 
Werner Heisenberg, Erwin Schrédinger, and 
Albert Einstein—butted brains over how to 
make sense of quantum theory. 

The book, Quantum Theory at the Cross- 
roads, includes the first English translation of 
the proceedings of the historic 1927 Solvay 
conference. The gathering was the fifth in an 
ongoing series of invitation-only conferences 


in Brussels, Belgium, launched in 1911 by the 
Belgian industrialist Ernest Solvay. At the 
meeting, blandly titled “Electrons and Pho- 
tons,” attendees grappled with issues that 


“Quantum physics ... is a special 
case of a much wider physics, 
with many new possible 
phenomena that are just there 


waiting to be explored.” 


—ANTONY VALENTINI 
IMPERIAL COLLEGE LONDON 


were—and remain—among the most perplex- 
ing ever addressed by physicists. Quantum 
mechanics confounds commonsense notions 
of reality, and the physicists in Brussels dis- 
agreed sharply about the meaning of the the- 
ory they had created. 

A classic experiment demonstrates the 
sheer strangeness of the new physics they 
were struggling to understand. Light—a 
stream of photons—shines through two paral- 
lel slits cut in a barrier and hits a strip of film 
beyond the slits. If the experiment is run with 
detectors near each slit so physicists can 
observe the passing light particles, the result is 
unsurprising: Every photon goes through 
either one slit or the other, just as particles 
should, leaving two distinct clusters of dots 
where the individual photons strike the film. 

Remove the detectors, however, and some- 
thing exceedingly strange happens: A pattern 


of alternating light and dark stripes appears on 
the film. The only explanation is that photons 
sometimes behave like waves. As light waves 
emerge from the two slits, bright lines form on 
the screen where wave crests overlap; dark 
lines, where a crest and trough cancel each 
other. As long as no detectors are present, the 
same pattern appears even if the photons hit 
the screen one by one. Over the decades, 
physicists have tried the experiment with pho- 
tons, electrons, and other particles, always 
with the same bizarre results. 

The experiment highlights two of the 
conundrums that dominated discussions at 
the 1927 Solvay conference: How can pho- 
tons, electrons, and all other bits of matter 
and energy behave like waves one moment, 
particles the next? And how does one 
explain that the mere act of observation 
seems to affect physical reality—at least on 
the quantum level? 


Unreality rules 

Bohr and Heisenberg answered such ques- 
tions with an austere vision of the theory now 
called the Copenhagen interpretation. With 
no observer present, they said, any given par- 
ticle exists here, there, and everywhere in 
between, dispersed like a wave. Introduce an 
observer to measure the wave, however, and 
the quantum wave “collapses” into a single 
particle. Before the measurement, the parti- 
cle could be described only by an equation 
that specified the probability of finding it in 
one location rather than another. The act of 
measurement itself forces a particle to 
assume a single, definite position. The sharp 
boundary between an objective world “out 
there” and subjective observations blurs in 
this version of quantum theory. 

“Bohr believed that it was meaningless to 
try to describe the quantum world because we 
have no direct experience of it,’ says Valentini. 
“Bohr and Heisenberg thought that quantum 
mechanics showed we had reached the limits 
of human understanding. ... Physics no longer 
told us how things are—it only told us how 
human beings perceive and measure things.” 

Some conference participants, most 
notably Einstein, de Broglie, and Schrédinger, 
rejected Bohr’s arguments. Physicists today 
remember Einstein as Bohr’s chief antagonist. 
But their famed disputes over the validity of 
quantum theory must have taken place off the 
record, Valentini says; the published confer- 
ence proceedings don’t mention them at all. 

The proceedings do, however, contain 
24 pages of discussion ofa rival interpretation 
by de Broglie. Unlike Bohr, who viewed the 
quantum wave equation describing a particle 
as a mathematical abstraction, de Broglie 
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thought such waves were real—he called them 
pilot waves. In de Broglie’s picture, particles 
never exist in more than one place at the same 
time. All the mysterious properties of quantum 
theory are explained by pilot waves guiding 
particles along their trajectories. In the two-slit 
experiment, for example, each particle passes 
through only one slit. The pilot wave, however, 
goes through both slits at once and influences 
where the particle strikes the screen. There is 
no inexplicable wave collapse triggered by 
observation. Instead, Valentini says, “the total 
pilot wave, for the particle and the detectors 
considered as a single system, evolves so as to 
yield an apparent collapse.” 

Bohr, Heisenberg, and their supporters at 
the Solvay conference were unimpressed. The 
details of the particle trajectories were unob- 
servable, and Bohr insisted that physicists 
shouldn’t traffic in hidden, unmeasurable enti- 
ties. “De Broglie wasn’t happy with the 
Copenhagen interpretation,” says Valentini, 
“but he gave up trying to argue about it.” 

Bohr and Heisenberg’s vision of quantum 
theory prevailed; de Broglie’s languished. 
David Bohm, a prominent American physicist, 
rediscovered de Broglie’s work in the early 
1950s and expanded on it. But Bohm’s work, 
like de Broglie’s, failed to attract much sup- 
port, because it could not be distinguished 
experimentally from conventional 
quantum mechanics. 

The past decade has seen renewed 
interest in understanding the founda- 
tions of quantum mechanics, and physi- 
cists have devised several competing 
interpretations of the theory (Science, 
25 June 2004, p. 1896). Valentini has 
been in the thick of this quantum renais- 
sance. In the early 1990s, as a graduate 
student studying with the late Dennis 
Sciama, a cosmologist who also men- 
tored Stephen Hawking, he learned about 
the work of de Broglie and Bohm and 
became convinced that it had the poten- 
tial to resolve all the mysterious para- 
doxes of quantum mechanics. He has 
spent most of his career almost single- 
handedly building on their work. 

His single-mindedness has cost him. 
Although Valentini’s colleagues acknowledge 
the originality and importance of his research, 
spadework on the foundations of quantum the- 
ory has not been a fast track to tenure. For 
years, he has survived from grant to grant in a 
succession of temporary positions; his current 
one at ICL ends this year. 

“T used to do private teaching just to get 
by,” Valentini says. “Things have changed in 
recent years, but I’m still just living year by 
year. It is a field where there are these wide- 
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Debate team. Physicists at the 1927 Solvay conference clashed over quantum enigmas. 


open, in-your-face problems with interpreta- 
tion that are staggeringly fundamental, with 
virtually nobody in the world really dedicating 
the bulk of their time and attention to working 
on them. So how do you expect there to be 
much progress?” 


Beyond the quantum? 

In Valentini’s physics, the “laws” of quantum 
mechanics are not really laws at all but acci- 
dents of cosmic history. Particles in the uni- 
verse today conform to the supposed rules of 
quantum mechanics, Valentini suggests, 
because they settled into a sort of quantum 
equilibrium immediately after the big bang, in 
a process roughly analogous to the way a mix- 


At odds. Niels Bohr (left) blasted Louis de Broglie for trying to 
link the quantum world to familiar reality. 


ture of hot and cold gases gradually reaches a 
uniform temperature. Immediately after the 
big bang, particles could have existed in states 
not allowed by the normal rules of quantum 
mechanics but permitted in pilot-wave theory. 

“Quantum physics is not fundamental; it’s 
a theory of a particular equilibrium state and 
nothing more,” says Valentini. “To my mind, 
pilot-wave theory is crying out to us that quan- 
tum physics is a special case of a much wider 
physics, with many new possible phenomena 
that are just there waiting to be explored and 
tested experimentally.” 


Published by AAAS 


The place to look, Valentini says, is in the 
cosmic microwave background (CMB), the 
remnant radiation from the big bang that fills 
all of space. The radiation is almost perfectly 
uniform, with only slight variations in tempera- 
ture. Theorists think those small temperature 
differences resulted from quantum fluctuations 
that were magnified as the universe expanded. 
In a paper Valentini has submitted to Physical 
Review D, he argues that if his pilot-wave the- 
ory is correct, some of those temperature varia- 
tions will not have the distribution that standard 
quantum theory predicts. Deviations are more 
likely to survive at long wavelengths, he says. 
CMB measurements by the WMAP probe have 
revealed “intriguing” anomalies in precisely 
that domain, Valentini says, but pursuing them 

will take time and effort. “I need to doa 
lot more work to refine my predic- 
tions,” says Valentini. “Part of the prob- 
lem is that I’m the only person working 
on it. It is a difficult thing.” 
Confirmation of Valentini’s idea 
would be one of the biggest advances in 
physics in decades. The Planck space- 
craft, launched in May by the European 
Space Agency (Science, 1 May, p. 584), 
will take a closer look at CMB and 
could conceivably find evidence sup- 
porting Valentini’s predictions. 

“One of the most attractive features 
of Antony’s proposals is that they’re 
testable,” says David Wallace, a philoso- 
pher of physics at the University of 
Oxford in the United Kingdom. “If tomorrow 
there is some experiment that Antony’s theory 
gets right and quantum mechanics gets wrong, 
then end of story.” 

Valentini knows he faces steep odds. 
“Maybe in 200 years people will look back and 
say the time wasn’t right to reexamine the 
foundations of quantum mechanics,” he says. 
“Or it might be that they’ll say, ‘My God, it 
opened up a whole new world.’ We can’t tell. 
One thing is certain: We won’t find out if we 
don’t try.” -TIM FOLGER 
Tim Folger is a contributing editor at Discover. 
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Venezuelan Science at Risk 


THE VENEZUELAN ACADEMY OF PHYSICAL, MATHEMATICAL, AND NATURAL SCIENCES WOULD 
like to share with the international scientific community our fears for the present and future fate 
of science and higher education in our country. A number of worrisome recent events and our 
interpretations of their implications motivate our concern: 

1. The president of our country has stated what he believes science should be in Venezuela 
and has created his own initiatives for workable lines of scientific research (/). 

2. At all levels of the national scientific establishment, inexperienced professionals with 
little scientific or technical knowledge or background have been appointed to positions of 
authority. They have been chosen on the basis of their loyalty to the political party in power. This 
approach precludes a constructive dialogue with the R&D community and curtails academic 
freedom of research. 

3. The Ministry of State for Science, Technology, and Intermediate Industries controls dis- 
cretionary use of resources collected from the private sector (2). Some of these resources, 
which were previously allotted to researchers according to the nature and quality of their 
research proposals, are now being centralized and distributed according to the “social aim” of 
the research proposal. 

4. The government has decided to create some 40 new universities but has not published a 
plan to provide them with suitable academic staff. 

5. Universities and centers of research have been subjected to drastic budget cuts, which 
severely affect most current research programs. Restrictions 
have been imposed on the acquisition of scientific literature and 
information, as well as of access to the Internet (3). 

6. The loss of intellectual capital to the United States, 
Canada, Mexico, Brazil, France, Spain, and other countries has 
accelerated (4). Young scientists, technology experts, physi- 
cians, and engineers are leaving the country. The process started 
in 2003 with the firing of more than 800 researchers from the 
Venezuelan Institute of Petroleum Research. 

7. We believe that Dr. Raimundo Villegas, an emblematic 
researcher of Venezuela and founder of the Institute for Advanced Studies (IDEA), a wide- 
scope research institute, was forced into retirement by the Directory from his post of tenured 
professor of IDEA. His departure was accompanied by the cessation of IDEA’s support of the 
Latin American Academy of Sciences (ACAL) (www.acal-scientia.org/); this support was 
stated in ACAL’s foundation charter. ACAL has an office in Venezuela that has been headed by 
Dr. Villegas since its creation 25 years ago. 

8. Dr. Jaime Requena, who had applied for retirement, was instead fired from his tenured 
post at IDEA. This appears to have been a result of a personal decision of the Institute Director, 
as it occurred without the expected and due legal procedures. 

The above-mentioned observations represent just a fraction of the many actions that clearly 
reveal an aim of the government to control all of the national scientific activity and the higher 
education system, putting Venezuela’s scientific activities at risk. 

CLAUDIO BIFANO 
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Cataloguing Names 
the Old-Fashioned Way 


IN HIS NEWS FOCUS STORY “ARE YOU READY 
to become a number?” (27 March, p. 1662), 
M. Enserink clearly explains the importance of 
successful name disambiguation in scholarly 
online databases and the difficulty in achiev- 
ing it. Moreover, it’s refreshing that the scien- 
tific community has recognized the depth of 
the name ambiguity problem and that re- 
searchers have finally realized that computer 
algorithms alone are not up to the task of sepa- 
rating authors with the same or similar names. 

Unfortunately, the article fails to describe a 
name disambiguation system that has been 
practiced successfully for over a century: the 
system used by library cataloguers. Library 
cataloguing codes prescribe consistent rules 
for creating a unique name heading, or identi- 
fier, for each author. Each heading is pre- 
served ina file called a name authority record, 
and every record includes a unique number, 
so the records are both human-friendly (the 
name heading) and computer-friendly (the num- 
ber). These records, maintained by the Library 
of Congress, are open-access and easily trans- 
ferred from one system to another. Moreover, 
the records contain cross-references that lead 
searchers who are using an outdated or variant 
form to the correct one, including cross- 
references from non-Roman scripts to Roman 
ones. Equally important, cataloguing rules 
state that name headings should be based on 
how the author’s name appears in his or her 
own publications, a practice that respects the 
author’s own practice and avoids the stigma of 
being a mere number. 

Algorithmic failures (/) to achieve quality 
name disambiguation parallel similar weak- 
nesses in information retrieval systems (2) that 
rely on full-text searching and probabilistic 
relevance ranking. These failures demonstrate 
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An acidic breakup 


that artificial intelligence has not advanced as 
much as we would like. Name disambiguation, 
like information retrieval, needs a determinis- 
tic approach and human intervention to be suc- 
cessful and precise. 
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Too Much Quantification 
Hinders Creativity 


IN HIS NEWS FOCUS STORY “ARE YOU READY 
to become a number?” (27 March, p. 1662), 
M. Enserink discusses several new initiatives 
that would assign each scientist a unique 
identifying number, used to link all ofa given 
individual’s scientific writing. These new 
liber-databases would supposedly make our 
published writings readily attainable, easily 
catalogued, and quantifiable. 

Scientists and publishing corporations 
soliciting the use of tiber-databases claim 
that this will help review boards that are cur- 
rently abusing indices such as impact factor. 
This logic is flawed. Instead of applying 
common sense to assess the quality of the 
reviewed scientists, review boards take the 
easy path and rely on numbers such as the 
total number of publications and their impact 
factor. Further quantification of scientific 
output—through ResearcherID, Scholar Fac- 
tor, or a new numeric identifier—will in- 
crease the dependence of these boards on 
quantitative measures of productivity. 

These factors, by definition, describe the 
mainstream of the scientific population 
and research. Increased use of these bean- 
counting measures will lead to exclusion of 
nonconformist scientists from our system. 
However, the very essence of excellent sci- 
ence resides in nonconformity and multi- 
disciplinary thinking. Imposing more rules 
as requirements for academic survival will 
narrow the paths by which scientists can 
travel. In the long run, these limits will greatly 
damage the creativity of scientists. Science is 
quantitative, but quantification of scientific 
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Life in saline habitats 


creativity may result in its destruction. 
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Livestock Genomics in 


Developing Countries 


THE RECENT REPORTS ON THE BOVINE GENOME 
in the 24 April issue (“The genome sequence 
of taurine cattle: A window to ruminant biol- 
ogy and evolution,” The Bovine Sequencing 
and Analysis Consortium ef al., p. 522, and 
“Genome-wide survey of SNP variation un- 
covers the genetic structure of cattle breeds,” 
The Bovine HapMap Consortium, p. 528) 
highlight the enormous potential of genomics 
to increase the understanding of genetic varia- 
tion of livestock and to provide benefits for 
well-planned utilization of animal genetic 
resources for food and agriculture. Genomic 
selection (/) is already being applied to com- 
mercial livestock populations and is expected 
to increase selection response and decrease 
the costs of phenotyping relative to conven- 
tional approaches. The opportunities of ge- 
nomics may be even greater for local breeds, 
in developing countries, assuming that com- 
plementary animal identification and record- 
ing can be established. Genetic variation is 
greater than in commercial breeds and pro- 
jected increases in demand for animal prod- 
ucts are much larger in developing than devel- 
oped countries (2). 

Unfortunately, genomics also presents 
risks for the sustainable management of ani- 
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mal genetic resources in these countries. 
Historically, genetic improvement in pro- 
ductivity has commonly been achieved by im- 
portation of germplasm and cross-breeding, 
rendering within-breed improvement less 
attractive. Increases in productivity have 
been limited, however, by the poor adapta- 
tion of imported breeds to vastly different, 
and generally harsher, production environ- 
ments than those in which they were se- 
lected. Increasingly precise selection in the 
same favorable environments is unlikely to 
overcome this limitation and may even 
decrease genetic diversity and adaptability. 
The maximum utility of livestock genomics 
can only be achieved with research, includ- 
ing collection of phenotypes and genotypes, 
on developing country breeds (and cross- 
breeds) in their natural environment. The 
Bovine HapMap analysis, which included 
two African and several Bos indicus breeds, 
is an encouraging start, but must be followed 
through with continued academic and finan- 
cial investment. 
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Machines Fall Short of 


Revolutionary Science 


THE 3 APRIL ISSUE CONTAINED TWO REPORTS 
about automated science (“Distilling free- 
form natural laws from experimental data,” 
M. Schmidt and H. Lipson, p. 81, and “The 
automation of science,” R. D. King et al., p. 
85). These Reports are seriously mistaken 
about the nature of the scientific enterprise, 
particularly regarding what theorists do and 
the meaning of physical law. As Thomas 
Kuhn famously argued, what most scientists 
do most of the time—which he called “nor- 
mal science” and Rutherford called “stamp 
collecting”—does not contribute very much 
to the advancement of knowledge; rather, 
this normal science simply fleshes out the 
consequences of the paradigms that have 
been established by truly revolutionary 
advances. Even if machines did contribute 
to normal science, we see no mechanism by 
which they could create a Kuhnian revolu- 
tion and thereby establish new physical law. 
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In the Report by Schmidt and Lipson, a 
machine deduces the equation behind a sample 
of chaotic motion. The discovery of determinis- 
tic chaos is an example of true Kuhnian revolu- 
tion; others were its application to unexpected 
fields like meteorology and population biology. 
In the constrained problem in the Report, the 
relevant physical law and variables are known 
in advance; it is hardly a template for the 
creative, exploratory nature of true science. 
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TECHNICAL COMMENT ABSTRACTS 


Comment oN “Experimental Test of 
Self-Shielding in Vacuum Ultraviolet 
Photodissociation of CO” 


James R. Lyons, Roy S. Lewis, 
Robert N. Clayton 


Chakraborty et al. (Reports, 5 September 2008, p. 1328) 
demonstrated very large, wavelength-dependent mass- 


independent isotopic effects during carbon monoxide 
(CO) photodissociation and argued that self-shielding in 
CO was not responsible. We suggest that variations in 
band oscillator strengths and linewidths among CO iso- 
topologs are responsible for most of the wavelength 
dependence observed and that the reported experiments 
confirm the importance of self-shielding during CO 
photodissociation. 

Full text at www.sciencemag.org/cgi/content/fulV324/5934/ 
1516-a 


Comment on “Experimental Test of 
Self-Shielding in Vacuum Ultraviolet 
Photodissociation of CO” 


S. R. Federman and E. D. Young 


Chakraborty et al. (Reports, 5 September 2008, p. 1328) 
suggested that experimental results provide support for CO 
photodissociation having caused the oxygen isotope ratio 
associated with the early solar nebula. We point out that fur- 
ther analysis is required before other mechanisms, such as 
self-shielding, are shown to be of little importance. 


Full text at www.sciencemag.org/cgi/content/fulV324/5934/ 
1516-b 


Comment on “Experimental Test of 
Self-Shielding in Vacuum Ultraviolet 
Photodissociation of CO” 


Qing-Zhu Yin, Xiaoyu Shi, Chao Chang, 
Cheuk-Yiu Ng 


Chakraborty et al. (Reports, 5 September 2008, p. 
1328) concluded that an anomalously enriched atomic 
oxygen reservoir can be generated through carbon 
monoxide photodissociation without self-shielding. We 
show that this conclusion is based on the incorrect 
assumption that the spectral shifts of the 97.03- 
nanometers and 107.61-nanometers vibrational bands 
for C160, C1’0, and C180 are negligible and point out 
shortcomings of the low-resolution light source used in 
their experiments. 

Full text at www.sciencemag.org/cgi/content/fulV324/5934/ 
1516-c 


RESPONSE TO COMMENTS ON 
“Experimental Test of Self- 
Shielding in Vacuum Ultraviolet 
Photodissociation of CO” 


Subrata Chakraborty, Musahid Ahmed, 
Teresa L. Jackson, Mark H. Thiemens 


We address the comments by Lyons ef al., Federman and 
Young, and Yin et al. regarding the interpretation of our 
carbon monoxide photodissociation experiments and 
provide further experimental data analysis, including 
measured synchrotron beam profiles. The experimental 
data do not support existing self-shielding models that 
attempt to explain observed meteoritic oxygen isotopic 
compositions because they rely on previously untested 
theoretical assumptions. 


Full text at www.sciencemag.org/cgi/content/fulV324/5934/ 
1516-d 
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ENERGY 


Can Civilization (at Least the U.K.) 
Run Sustainably? 


Marty Hoffert 


uch that passes for serious discus- 
M sion of energy and climate policy in 

legislative halls is “hot air.” It is hard 
to understand the scale of effort needed to tran- 
sition by midcentury from fossil fuel combus- 
tion with CO, up the stack or out the tailpipe to 
“something else” (what some call the terawatt 
challenge) or what energy “sustainability” or 
“self-sufficiency” even mean, if one is unwill- 
ing to think about actual numbers. 

Cambridge physics professor David 
MacKay doesn’t assume fear and loathing of 
arithmetic: His Sustainable Energy: Without 
the Hot Air is a cold blast of reality that hits 
hard with numerical estimates, data, and logic. 
He offers a must-read analysis of cars, jet 
flights, heating and cooling, food, and manu- 
factured “stuff” on the consumption side, and 
of energy-generation technologies that might 
replace fossil fuels on the supply side, in the 
United Kingdom. For that island country, he 
delves into the specifics for solar thermal 
(using sunlight for direct heating), photo- 
voltaics (on rooftops and in “farms”), wind (on 
land and offshore), biofuels, and tides as well 
as coal with carbon capture and storage (CCS) 
and nuclear power. He also covers the critical 
role of storage in limiting large-scale 
solar and wind power sources. 

McKay holds it instructive to 
express power in kilowatt-hours per 
day, and he patiently explains to gen- 
eral readers that we don’t say watts 
(or kilowatts) “per” anything. Fine. 
In my experience, units for energy 
and power are endless sources of 
confusion for students. But the 
author’s use of kilowatt-hour/day 
doesn’t distinguish between electri- 
cal and thermal energy. All kilowatt- 
hours may be equal, but some are 
more equal than others—with due 
credit to Sadi Carnot and George 
Orwell. A rule of thumb is that gen- 
erating an electrical kilowatt-hour 
takes about three thermal kilowatt- 
hours, which might have been worth 
taking into account. 

One challenge in preparing these 
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back-of-the-envelope 
analyses is deciding what 
principles limit a given 
technology. We know, for 
example, that we may need 
some 30 terawatts from 
carbon-neutral sources by 
midcentury to meet the world’s business-as- 
usual economic targets while staying below the 
2°C global warming limit adopted by most 
nations. Let’s say we target a third from renew- 
ables, a third from coal with CCS, and a third 
from fission. MacKay correctly estimates the 
nuclear fuel extractable from oceans (from the 
parts per billion concentration of dissolved ura- 
nium and ocean volumes) as huge compared 
with reactor-grade ores. But to provide fuel 
rods to run *3°U thermal reactors at 10 ter- 
awatts, the flow through hypothetical collectors 
in the sea would have to be an order of magni- 
tude greater than the outflow of all the world’s 
rivers (2). Nuclear reactors have been proposed. 
as the only serious contender to avoid carbon 
emissions (3), so it is important to understand 
that the insufficiency of known uranium sup- 
plies for “once through” reactors argues for 
uranium and thorium breeders. 
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Scope of the problem. This concentrator photovoltaic collector 
can generate 138 kilowatt-hours per day, half the energy con- 
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BOOKS ETAL 


I found MacKay’s book by turns exhilarat- 
ing and terrifying. His calculations are always 
thought-provoking even when his assump- 
tions had me banging the table in 
disagreement. My objections often 
faded as his analysis unfolded. The 
author dug out a lot of hard-to-find 
data, and his intelligence, wit, and 
excellent British humor are in evi- 
dence throughout. Some readers— 
but not Al Gore, who employs off- 
sets to maintain carbon neutrality as 
he trots the globe—may be sur- 
prised that taking even a few jet 
flights uses as much energy as an 
average year of car driving. 

The author doesn’t consider cost or socio- 
economic factors, just physics and engineer- 
ing. With this caveat, MacKay finds there’s 
barely enough “green” power to meet demand 
in the United Kingdom. But he doesn’t believe 
Britain can live on its own renewables because 
there is too much opposition due to the costs 
and not-in-my-backyard arguments. Sustain- 
ability is achievable, he concludes, with sun 
power imported from the Sahara. For the 
United States, others have independently pro- 
posed using high-voltage direct current lines 
to transmit solar-generated power from South- 
western deserts to the coasts, a “grand plan” 
that raises well-known issues of transmission 
and storage (4). Continuous solar electricity 
from space beamed to Earth offers another 
possibility—and another story (5). 

Shifting primary power production away 
from fossil fuels will require substantial 
investments in energy research, development, 
demonstration, and deployment. We now have 
in the United States an administration that 
understands both the science and the urgency. 
But I share McKay’s concern that for the pub- 
lic at large this is no done deal: 


Given the general tendency of the public to 
say “no” to wind farms, “no” to nuclear 
power, “no” to tidal barrages—‘“no” to 
anything other than fossil fuel power sys- 
tems—I am worried that we won’t actually 
get off fossil fuels when we need to. 
Instead, we’ll settle for half-measures: 
slightly-more-efficient fossil-fuel power 
stations, cars, and home heating systems; 
a fig-leaf of a carbon trading system; a 
sprinkling of wind turbines; an inadequate 
number of nuclear power stations.... 

We need to stop saying no and start say- 
ing yes. We need to stop the Punch and 
Judy show and get building.” 


Amen. Meanwhile, read Sustainable 
Energy. 
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ARCHAEOLOGY 
Arguments over 
Early Arrivals 


Tim Flannery 


avid Meltzer’s First 
Dive in a New 
World is a double 


history: an investigation into 
the initial colonization of 
the Americas as well as a 
chronicle of the controversy 
some finds have engendered. 
The skeleton of “Kennewick 
Man,” collected in Washington state in 1996 
by local archaeologist James Chatters, was 
particularly fraught. Chatters concluded 
the remains were those of a middle-aged 
European. But when dating revealed them to 
be over 8400 years old, local Indians accused 
Chatters of forging the European identity to 
dodge the Native American Graves Protection 
and Repatriation Act, and an ongoing court 
case ensued. The idea that Kennewick Man 
had anything to do with Europe was long ago 
dismissed in academic circles, but the claim 
that the Americas were first populated by 
Caucasians has, according to Meltzer, “seeped 
into ... the poisonous corners of the Internet 
where white supremacists continue to claim 
Kennewick as one of their own.” 

Meltzer (an anthropologist at Southern 
Methodist University) argues that America 
was discovered long before the arrival of the 
Clovis big-game hunters around 11,200 radio- 
carbon years ago. (All dates in the book are 
given in uncalibrated radiocarbon years, 
although a table allows conversion to calendar 
years.) This is a contentious position, and the 
author confesses a partisan stance. Because 
archaeologists can devote entire careers to 
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excavating a single site, their funding, aca- 
demic status, and egos can become inextrica- 
bly tied up with it. James Adovasio claims that 
Meadowcroft Rockshelter in Pennsylvania 
had humans living in it by 14,250 radiocarbon 
years ago, making it the oldest (and only pre- 
Clovis) site on the continent. A colleague said 
that he would accept the finding if Adovasio 
would date a single seed from the critical 
layer, a request that caused Adovasio to “burst 
out in derisive laughter” before saying that he 
would never “accede to any request [his col- 
league] made for further testing.” 

The linchpin in Meltzer’s argument for a 
pre-Clovis presence in the Americas is Monte 
Verde in southern Chile. One of the most 
extraordinary archaeological sites 
ever discovered, it has yielded 
wooden artifacts, human foot- 
prints and feces, and pieces of skin 
and meat from large mammals, all 
preserved in a bog that radiocar- 
bon dating suggests is around 
12,500 years old. In 1997, senior 
American archaeologists con- 
ducted a site visit, which was not 
entirely satisfactory because ex- 
cavations had removed almost 
everything, forcing a shift to col- 
lections in museums and labs. Drinks at a tav- 
ern afterward saw Monte Verde excavator Tom 
Dillehay become “short-tempered, even insult- 
ing.” A row broke out, but not before a show of 
hands unanimously confirmed Monte Verde as 
a pre-Clovis site. Although that unanimity has 
since crumbled, Meltzer continues to argue that 
Monte Verde is where “‘the standards of proof” 
for a pre-Clovis presence “were finally met.” 
However, only radiocarbon dating was done at 
Monte Verde. Because every dating technique 
has its own imbedded assumptions (which can 
lead to error), it’s preferable to use multiple 
methods at such important sites. Optically 
stimulated luminescence dating and electron 
spin resonance dating of relevant materials 
would arguably have shed more light on the age 
of Monte Verde than a show of hands. 

Meltzer devotes much space to explaining 
why archaeologists have not discovered undis- 
puted pre-Clovis sites north of Chile. Perhaps 
the people stuck to a coastline now submerged 
by rising seas or archaeologists are looking in 
the wrong places. Yet it’s striking that excava- 
tors have retrieved over 13,000 Clovis points 
from across North America, yet have been 
unable to conclusively identify a single site 
dating to even a few centuries earlier. Archae- 
ologists in Australia and Europe have no 
such difficulty. 

Meltzer discounts Paul Martin’s theory 
that hunting by the Clovis people led to the 
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“In archaeological limbo.” The Meadowcroft Rock- 
shelter, western Pennsylvania. 


swift extinction of America’s megafauna, but 
his analysis is based on a selective reading of 
the evidence. It takes no account of the global 
pattern of large animal extinction following 
on the heels of human arrival, nor of the sur- 
vival until after 8000 years ago of megafauna 
on islands—including dwarf mammoths on 
St. Paul Island off Alaska and the sloths and 
giant rodents on Caribbean islands, all of 
which go extinct only when humans arrive. 
And Meltzer never articulates a convincing 
alternative hypothesis capable of explaining 
how climate or some other factor could have 
caused the extinctions. The spores of a fungus 
that grows on the dung of large herbivores 
provide a new method with the potential to 
shed light here. Studies suggest that the 
spores declined abruptly 10,800 years ago in 
North America (indicating a collapse of 
mammalian biomass); a few decades later, 
there is evidence for an increase in fire. This 
is the kind of fine resolution required to help 
untangle the causes of megafaunal extinction. 

The questions Meltzer raises in First 
Peoples in a New World are, from a techno- 
logical perspective, eminently answerable. 
But doing so will require a broader array of 
analytical tools than seem, judging from this 
book, to be currently in use in American 
archaeology. A more global perspective on 
the problem would also be helpful. 
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Nutrient Imbalances in 
Agricultural Development 
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trient cycles link agricultural sys- 
Ne= to their societies and surround- 
ings; inputs of nitrogen and phospho- 

rus in particular are essential for high crop 
yields, but downstream and downwind losses 
of these same nutrients diminish environ- 
mental quality and human well-being. 
Agricultural nutrient balances differ substan- 
tially with economic development, from 
inputs that are inadequate to maintain soil fer- 
tility in parts of many developing countries, 
particularly those of sub-Saharan Africa, to 
excessive and environmentally damaging sur- 
pluses in many developed and rapidly grow- 
ing economies. National and/or regional poli- 
cies contribute to patterns of nutrient use and 
their environmental consequences in all of 
these situations (/). Solutions to the nutrient 
challenges that face global agriculture can be 
informed by analyses of trajectories of change 
within, as well as across, agricultural systems. 
Harvested crops remove nitrogen, phos- 
phorus, and other nutrients from agricultural 
soils—and sustaining agricultural production 
requires replacing those nutrients, whether 
through biological processes like nitrogen fix- 
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Nutrient additions to intensive agricultural 
systems range from inadequate to excessive— 
and both extremes have substantial human 
and environmental costs. 


Nutrient balances by region (kg ha ~1 year —1) 


Inputs and outputs 


Fertilizer 

Biological N fixation 

Total agronomic inputs 

Removal in grain and/or beans 
Removal in other harvested products 
Total agronomic outputs 


Agronomic inputs minus harvest removals 


Western North Midwest 

Kenya China U.S.A 
N P NP NP 
7 8 588 92 93 14 

62 

7 8 588 92 155 14 
23 4 361 39 145 23 
36 3) 

59 7 361 39 145 23 
-52 «+1 +227 «+53 +10 -9 


Inputs and outputs of nitrogen and phosphorus by managed pathways in a low-input corn-based system 
in Western Kenya in 2004-2005 (8), a highly fertilized wheat-corn double-cropping system in North China 
(2003-2005) (9-11), and a tile-drained corn-soybean rotation in Illinois, USA (1997-2006) (14). Potential 
crop yields are similar in these systems, but realized yields of corn were 2000, 8500, and 8200 kg ha“! year 
per crop in the Kenya, China, and U.S. systems, respectively. Wheat yielded another 5750 kg ha“ year in 
China, and soybeans yielded 2700 kg ha~ year every other year in Illinois. (Because the Illinois system rep- 
resents a 2-year rotation, all nutrient inputs and removals were adjusted to place them on an annual basis.) 


ation or through the addition of animal wastes 
or mineral fertilizer to fields. Globally, fertil- 
izer is the major pathway of nutrient addition; 
it has more than doubled the quantities of new 
nitrogen and phosphorus entering the terres- 
trial biosphere (2, 3). These inputs have helped 
to keep world crop productivity ahead of 
human population growth and can enhance 
rural economic development. However, envi- 
ronmental costs of nutrient pollution from 
agriculture have been substantial, including 
the degradation of downstream water quality 
and eutrophication of coastal marine ecosys- 
tems, the development of photochemical 
smog, and rising global concentrations of the 
powerful greenhouse gas nitrous oxide (4). 
Here, we evaluate nutrient balances (5) of 
three corn-based agricultural systems—low- 
input corn in Western Kenya, high-input 
wheat and corn double-cropping systems in 
Northeast China (see figure, page 1520), and 
corn-soybean rotations in the upper mid- 
western United States. Unlike most regions of 
the world, crop yields have not increased sub- 
stantially in sub-Saharan Africa, and 250 mil- 
lion people remain chronically malnourished 
there (6). Nutrient additions to most fields do 
not replenish soil nutrients extracted in crop 
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harvest (7). For example, on the 90 small- 
holder farms sampled in the Siaya District of 
Kenya, nitrogen inputs from fertilizer were 
less than the amount taken out as grain and 
stover (see table, above) (8). This system per- 
sists by drawing down the nutrient capital of 
what were once high-fertility soils. 

In contrast, agricultural production in 
China has increased dramatically since ~1975, 
with per-hectare yields of grain doubling in 
many areas. Policy-driven increases in fertil- 
izer use contributed to rising crop yields as 
China strived for food security. Nutrient addi- 
tions to many fields far exceed those in the 
United States and Northern Europe (9-//) 
(see table, above)—and much of the excess 
fertilizer is lost to the environment, degrading 
both air and water quality (//). 

Finally, increased N and P fertilization in 
the Mississippi Basin has contributed to 
increased yields since the 1940s (/2). From 
~1970 to 1995, nutrient additions were well in 
excess of crop nutrient removals, and hydro- 
logic losses caused eutrophication of freshwa- 
ters and the coastal Gulf of Mexico. More 
recently, nutrient imbalances have been 
reduced (/3) (see table, above) (/4). In 
Western Europe, post-World War II national 
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and, later, European Commun- 
ity policies to boost food sec- 
urity (7) caused many 
areas to reach nitrogen 
surpluses within inte- 
grated crop and animal 
production systems as 
large and damaging as 
those now observed in 
China. Since the 1980s, 
increasingly stringent nat- 
ional and European Union 
regulations and policies have 
reduced nitrogen surpluses and 
have improved indicators of 
environmental nutrient ex- 
cess. Despite these steps 
toward nutrient balance, 
nitrogen pollution re- 
mains substantial in both 
the air and water of Nor- 
thern Europe (/5, /6), 
and coastal eutrophica- 
tion in the Gulf of Mexico 
is continuing. 

These contrasting agricul- 
tural systems (see table, page 
1519) require different pol- 
icies. In sub-Saharan Afr- 
ica, the initial challenge is 
to provide more nutrients 
and to improve cropping 
practices to build soil or- 
ganic matter (/7). Although 
the reluctance of many 
policy-makers to accept the economic, envi- 
ronmental, and social costs of subsidized 
fertilizer use is understandable, inadequate 
inputs will entrain low productivity, land 
degradation, and rural poverty until fertilizer 
for small-holder farmers is subsidized (/8). 

In contrast, the North China Plain wheat- 
corn systems clearly receive excessive nutri- 
ent inputs; Ju et al. (17) demonstrated experi- 
mentally that additions of N fertilizer could be 
cut in half without loss of yield or grain qual- 
ity, in the process reducing N losses by >50%. 
Matson et al. (19) described a similar over- 
shoot in fertilizer application to intensive 
wheat systems in Mexico. In these situations, 
reducing nutrient inputs would be beneficial 
agronomically, economically, and environ- 
mentally. However, this step alone may not 
suffice to stop environmental damage, as con- 
tinuing losses of agricultural nutrients and 
consequent environmental damages in the 
Mississippi Basin and Northern Europe 
demonstrate. These systems require further 
interventions focused on their environmental 
impacts—and a range of potentially useful 
strategies and practices have been demon- 


Corn crops in Western Kenya and the 
North China Plain. Both fields receive 
sufficient rainfall; they differ primarily 
in that soil nutrients in the Kenya field 
have been depleted, whereas the China 
field receives very large additions of 
nutrients in fertilizer. 


strated (20). Some of these— 
such as better-targeted timing 
and placement of nutrient 
inputs, modifications to 
livestock diets (21), and 
the preservation or resto- 
ration of riparian vegeta- 

tion strips—can be im- 

plemented now. Bolder 

efforts to redesign agricul- 
ture (e.g., by incorporating 
perennials into cropping sys- 
tems) also are needed. 

More generally, policies 
supporting nutrient additions 
should be targeted toward 
food security objectives 

early in agricultural devel- 
opment, but those sys- 
tems should be moni- 
tored for changes in soil 
quality and nutrient loss- 
es, as well as for yields. As 
food security is approach- 
ed, more attention should be 
paid to other outputs of agri- 
cultural systems—their effects 
on air and water, on bio- 
logical diversity, on human 
health and well-being—and 
to the ecological and agro- 
nomic processes that con- 
trol them. 

One constraint to our 

ability to diagnose nutrient- 
driven problems, and to design their solutions, 
is the scarcity of detailed, on-farm nutrient 
budgets that quantify multiple pathways of 
nutrient input and loss over time and under 
alternative management practices. Both China 
and the European Union have supported inte- 
grated, multiscale biogeochemical research 
that yields policy-relevant information on 
nutrient balances and their implications (//, 
22). Neither the United States nor most other 
governments have done as well. 

Agricultural systems are not fated to 
move from deficit to excess. However, most 
national agricultural agencies lack the means 
to assess the impacts of changing farm prac- 
tices at appropriate scales and the incentives to 
promote the adoption of nutrient-conserving 
practices and processes. Without these tools, it 
will be difficult to develop and sustain mod- 
ern agricultural systems without incurring 
continuing human and environmental costs. 
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MICROBIOLOGY 


No Place Too Cold 


Johanna Laybourn-Parry 


ven the coldest environ- 
B= on Earth have 

enough liquid water to 
sustain life. The scope for bio- 
logical productivity in the polar 
regions is constrained by low 
temperatures and low annual 
levels of solar radiation, but free 
water on or under glaciers or 
ice sheets nevertheless contains 
numerous species of mostly 
microorganisms. These delicate 
ecosystems are widely regarded 
as sentinels of climate change. 
Recent studies of polar and gla- 
cial lakes, as well as subglacial 
environments, have shed light 
on how these ecosystems func- 
tion and on the role that they 
play in nutrient cycling. 

The Antarctic is an isolated, 
largely ice-covered continent 
with little scope for coloniza- 
tion. Here, bacteria, algae, and 
flagellated and ciliated pro- 
tozoans are abundant in the 
numerous lakes and in free 
water on and under glaciers, 
where they form simple trun- 
cated food webs. The penguins 
and seals on Antarctica’s margins are not part 
of this terrestrial biota, but are instead mem- 
bers of the highly productive marine ecosys- 
tem. In contrast to Antarctica, the Arctic is an 
extension of continental land masses such as 
North America and Asia. Moreover, the cli- 
mate is generally less severe than in Ant- 
arctica. The Arctic therefore has higher plants, 
land mammals, and birds, and microorgan- 
isms are more abundant in the lakes, on gla- 
ciers, and in the often well-developed soils. 
Glaciers at all latitudes represent extreme 
environments and are always dominated by 
microorganisms. 

The most detailed knowledge of polar 
ecosystems comes from studies of Antarctic 
lakes, situated in the small areas of the conti- 
nent that are ice-free. The lakes contain simple, 
truncated food webs dominated by microor- 
ganisms (see the figure). Cryptophytes are 
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among the most ubiquitous photosynthetic 
flagellates found in polar lakes. They are 
microscopic plantlike organisms adapted to 
low light levels and low temperatures that can 
feed on bacteria or dissolved organic carbon 
as well as undertaking photosynthesis (/, 2). 
This mixed nutrition (mixotrophy) provides 
photosynthetic flagellates with nutrients for 
photosynthesis and/or to supplement their car- 
bon budgets. Mixotrophic ciliates (such as 
Mesodinium rubrum) are also common. In 
general, nutritional versatility is the key to 
success: For example, some nonphotosyn- 
thetic flagellates, such as Diaphanoeca gran- 
dis, take up dissolved organic carbon but also 
feed on bacteria. 

Bacteria in Antarctic lakes function through- 
out the year under lake ice cover. Even in win- 
ter, bacterial growth is measurable, but overall 
rates are much lower than those in lower- 
latitude systems. Unique selection pressures 
in polar environments provide an ideal setting 
to study endemism. Existing data show that 
many strains are cosmopolitan, but there is 
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Simple microbial food webs are found even 
in the coldest and most remote polar lakes. 
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Typical microbial food web structure in the plankton of an Antarctic lake. There are few or no multicellular organisms. The 
truncated, simple food web is dominated by viruses, bacteria, algae, and protozoans. Dissolved organic carbon includes photo- 
synthate exuded by phytoplankton, used as an energy source by bacteria. Most viruses appear to infect bacteria in these lakes. 


clear evidence for novel bacterial species (3, 4). 

Viruses in lakes largely infect bacteria and, 
by lysing the host cell, recycle carbon to the 
organic carbon pool before it can be trans- 
ferred up the food chain by protozoan preda- 
tion on bacteria. They thus effectively shortcir- 
cuit the carbon cycle. In low-latitude lakes, 
only ~0.6% to 4.2% of bacteria may be 
infected by viruses, whereas in some Antarctic 
lakes, 22% to 34% of bacteria may be para- 
sitized by viruses (5). However, the low rates of 
bacterial growth in polar waters means that 
infected bacteria cannot produce many 
viruses; on average, only 4 viruses are released 
from a bacterial cell when it is lysed, compared 
with a mean of 26 viruses across temperate 
lakes. These high infections rates suggest a sig- 
nificant impact on carbon cycling (5). 

In glaciers, biologically mediated processes 
also seem to play an important role in nutrient 
cycling (6). Glacier surfaces develop mini- 
lakes called cryoconites—near-vertical tubes 
with a sediment layer at the bottom overlain by 
water. In Antarctica, cryoconites are entombed 
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by an ice cover, whereas in the Arctic and in 
lower-latitude glaciers, they are usually open to 
the air. They freeze up in winter and have liquid 
water during summer as solar radiation heats 
the dark sediment. 

The communities in cryoconites resemble 
those of Antarctic lakes (see the figure). In 
Antarctica, cryoconites contain viruses, bac- 
teria, cyanobacteria, algae, flagellates, and 
ciliates. In the Arctic and lower-latitude gla- 
ciers, they may also contain microscopic 
animals such as nematodes and rotifers. 
Comparative studies, including bacterial 
ribosomal DNA analyses, indicate that cry- 
oconites are colonized by organisms from 
nearby lakes and streams (7). 

Investigations of biogeochemical cycling 
on glacier surfaces are relatively recent. The 
evidence from Arctic glaciers suggests that 
much more organic carbon is deposited from 
the surrounding environment than is fixed on 
the glacier during photosynthesis (8). On 
Arctic glaciers, respiration appears to exceed 
photosynthesis, indicating that surface glacier 
ecosystems are subsidized by carbon inputs 


from the environment, rather like streams and 
estuaries. Whether this is true of Antarctic gla- 
ciers remains to be shown. 

Liquid water at the bases of glaciers can 
also support bacterial communities, includ- 
ing aerobic strains and anaerobic nitrate and 
sulfate reducers and methanogens (9). For 
example, Blood Falls—an iron-rich dis- 
charge emanating from the Taylor Glacier in 
Antarctica—derives from a brine pocket 
trapped in the glacier 1.5 million years ago. 
This brine contains a microbial community 
that mediates a sulfur cycle in which Fe(III) is 
the terminal electron acceptor; Fe(III) may be 
an important electron acceptor for many sub- 
glacial ecosystems (/0). 

A network of subglacial lakes under the 
Antarctic ice cap have yet to be sampled. They 
have been isolated for millions of years, but a 
molecular analysis of accretion ice above 
Lake Vostok revealed a bacterial community 
with species typical of aquatic environments. 
If these species are characteristic of the under- 
lying lake, this would indicate that it does not 
possess an evolutionary distinct biota (//). 


As investigations of polar microbial bio- 
diversity forge ahead, key challenges will be 
to unravel the roles of different groups in 
ecosystems and to identify the biochemical 
mechanisms, such as cold-adapted proteins, 
that enable survival in extreme environ- 
ments. Advances in functional genomics and 
proteomics will provide exciting insights 
into how life evolved and functions under 
extreme conditions. 
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CHEMISTRY 


Squeezing the Water Out of HCI(aq) 


Timothy S. Zwier 


ur earliest encounters with chemistry 

usually involve measuring the extent 

to which simple acids dissociate to 
ions in aqueous solution. For strong acids, 
such as HCl, dissociation is nearly complete, 
with the H*(aq) and Cl(aq) ions moving free 
of one another in a large excess of water. One 
of the current driving forces in modern sci- 
ence is our interest in studying chemical and 
physical phenomena in ever-smaller size 
regimes, seeking to characterize nature 
strained to its smallest size limits. The fields 
of molecular electronics (/, 2), single-mole- 
cule spectroscopy (3), and atomic-scale 
microscopy (4) all operate at or near this 
limit. On page 1545 of this issue, Gutberlet et 
al. (5) consider acid dissociation at its small- 
est scale, probing the dissociation of a single 
HCI molecule into its ions under conditions 
where no more than a handful of water mole- 
cules are present. The issue at hand is deter- 
mining the minimum number of water mole- 
cules at which HCl dissociation into 
H,0'(H,O),,_ CF occurs spontaneously. 
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This “zwitterion” or “ion-pair” structure 
still carries a net charge of zero but incorpo- 
rates two opposite charges in close proximity. 
The tug-of-war between HCl and (H,O), for 
the proton depends sensitively on the number 
of water molecules present and the way in 
which they stabilize the ion pair once formed. 
As our day-to-day encounters with liquids 
occur on the scale of Avogadro’s number 
(~10 molecules), it is hard to imagine how 
to go about answering this question of mini- 
mal acidic breakup. 

Gutberlet ef al. used the exotic environment 
of a superfluid helium droplet (6) to form 
(HCI),,(H,O),, clusters. Formed by expansion 
of a high-pressure helium gas through a small 
cooled nozzle into vacuum, typical droplets are 
at a temperature of 0.37 K and contain about 
10,000 helium atoms that move without resist- 
ance relative to one another. These helium 
droplets act as vacuum cleaners for molecules 
that strike them, absorbing them into the cluster 
interior, where they can meet and bind to others 
that have arrived before them, forming molecu- 
lar clusters embedded in helium (6—8). The 
important advantage of the method is that by 
controlling the pressures of the “pick-up” gases 


The controlled formation of clusters confined 
to helium droplets shows that just four 

water molecules are sufficient to dissolve 
hydrochloric acid into its ions. 


(HCl and H,O in this case), the size distribution 
of the molecular clusters can be controlled. 

Interrogation of the clusters occurs via 
laser-based infrared spectroscopy. Absorption 
of an infrared photon by its molecular con- 
stituents is detected indirectly by the change in 
size of the helium droplet as it boils off helium 
atoms in response to the droplet’s increased 
energy. Using these methods, Gutberlet et al. 
identified an infrared spectral signature near 
2670 cm! attributable to the H,O* ion in an 
ion-pair structure. They were able to correlate 
the occurrence of this unique feature with the 
HCl(H,O), cluster size. 

The calculated structure for this cluster 
(see the figure) shows three water molecules 
arranged so as to accept hydrogen bonds from 
the three hydrogens of H,O*, each orienting 
one of their hydrogens toward the negatively 
charged chloride anion. The three free OH 
groups on these bridging water molecules can 
configure in two different ways with little cost 
in energy, producing two nearly isoenergetic 
isomeric forms. 

An intriguing aspect of these results is the 
mechanism proposed for ion-pair formation 
in the frigid environment of a helium droplet. 
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One of the trademarks of helium 
droplets is their ability totraphigh- 
energy cluster structures behind 
even small energy barriers to 
rearrangement (7, 5). The con- 
stituents come together in the 
helium droplet one at a time, 
steered toward one another by \ 
long-range electrostatic inter- 
actions during their approach, 
with excess energy removed 
quickly by the evaporation of 
helium atoms from the droplet. 
In such circumstances, even 
small energy barriers could 
prevent ion-pair formation and 
rearrangement of the hydrogen-bonded net- 
work of water molecules. Instead, just the op- 
posite occurs. The calculations uncovered a 
nearly barrierless pathway to formation of 
the final separated ion pair H,O*(H,O),CI- 
involving addition of a fourth water molecule 
to cyclic HCI(H,O),, facilitated by the step- 
by-step cluster growth process. The single 
acceptor—single donor water molecules present 
in both starting and ending structures have been 
implicated as required sites for attack by HCl 
leading to ionization on ice surfaces (9, /0). 
The remarkable ability of water to stabilize 
and solvate ions is clearly exposed in this 
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Confine and separate. Calculated 
structure for the H,0*(H,0),Cl" sep- 
arated ion pair in a helium droplet, 
as deduced by Gutberlet et al. 


cluster structure. The fact that a mere 
four water molecules are suf- 
ficient to drive proton transfer 
and to stabilize the ion-pair 
products testifies to water’s 
unique assets both as a pro- 
ton acceptor and as amedium 
for forming strong hydrogen- 
bonding networks that stabi- 
lize the ions once formed. 
Much remains to be done 
in studying acid-base reac- 
tions in this small size limit. 
We still need to gain a deeper 
understanding of the devel- 
opment of acid-base reac- 
tivity as a function of cluster size. In the 
HCI(H,O),, clusters, for instance, we would 
hope to understand whether the turn-on of 
ion-pair formation at n = 4 is complete, or 
whether larger cluster sizes might support 
certain initial structures as neutrals and oth- 
ers as ion pairs. In those that are trapped as 
one or the other, we would like to study their 
temperature-dependent stability, or use laser- 
initiated excitation to drive proton transfer. 
Additional ways to characterize these clus- 
ters are being developed, including measure- 
ments of the vibrational transition moment 
directions (8) and the use of double-resonance 
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spectroscopy (//) to identify and study in- 
dividual structural isomers. In the helium 
droplets, such double-resonance schemes 
can also be used to measure the barriers to 
isomerization or to the proton transfer reac- 
tion itself (72). 

The goal ahead will be to squeeze these 
clusters for every drop of new understanding 
of acid-base chemistry in the small size limit. 
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ECOLOGY 


Thriving in Salt 


Antje Boetius' and Samantha Joye2 


as brines and exclude most life on 

Earth, but some microbes thrive at salt 
saturation (35% salt, 10 times the salinity of 
seawater). Recent findings of novel saline 
habitats such as subsurface aquifer seeps, 
deep-sea brine pools, and ancient subglacial 
brine (/—4) extend our knowledge on the 
limits of life on Earth and 
beyond (5) and elucidate how 
cycling of sulfur, methane, 
and iron can support micro- 
bial ecosystems in chemically 
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isolated habitats in the absence of light (2). 
High salt requires microorganisms to min- 
imize water loss and osmotic stress. They 
accomplish this by concentrating intracellular 
solutes and by adaptations of their enzymes, 
which are hence of interest to biotechnology. 
The only animal known to tolerate high 
salt is the “living fossil” brine shrimp Artemia, 
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Saline environments from polar glaciers to 
the deep sea floor contain a surprising variety 
of organisms. 


a member of the Branchiopoda. A number of 
salt lakes have an endemic variety, such as the 
endangered species A. monica, which thrives 
in Mono Lake, California (see the first figure, 
panel A). The most famous halophilic algae, 
Dunaliella salina, a very pink member of the 
Chlorophyceae, survives up to 23% salt (see 
the first figure, panel B). Dunaliella was first 


Halophilic life. (A) The Mono Lake brine shrimp Artemia monica (~1.5 cm long). (B) The bright pink phototrophic alga 
Dunaliella (each individual is ~5 ym long). (C) A~5-pm-wide cluster of square archaea Haloquadratum walsbyi. 
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studied by Baas-Becking in 1931 (6) and was 
the first life form documented in the Dead Sea 


(7, 8). The extremely halophilic archaeon 
Haloquadratum walsbyi, first found in a Red 
Sea salt pond (9), has been cultivated and its 
genome sequenced (/0). It is <0.1 um thick 
and has an unusual rectangular shape (see 
the first figure, panel C). This and other 
halophilic archaeae form gas vesicles to float 
in the sun-lit, aerobic, nutrient-rich brines. 
Halophilic organisms are found in many 
branches of the tree of life, and salt-adapted 
enzymes occur in both archaea and bacteria. 
These observations suggest either that similar 
adaptation mechanisms arose numerous times 


or that lateral gene transfer is an 
important mechanism for halo- 
phile evolution. Either mecha- 
nism can account for the wide- 
spread distribution of carotenoid 
and rhodopsin pigments in halo- 
philic bacteria and archaea. This 
pigmentation explains the red 
color of salt lakes, salterns, and 
salt flats. 

Various mechanisms generate 
the diverse hypersaline habitats 
found on Earth. Salt lakes such 
as the giant Aral Sea or Lake 
Balkhash represent a substantial 
fraction of inland water bodies. 
They form when geological pro- 
cesses create a basin in which 
water evaporation exceeds water 
input. Evaporation is also used to 
precipitate salt commercially in 
human-made shallow salt ponds 
(salterns) retaining water from the 
sea or from salt lakes. Salt has 
been a valuable commodity since 
the Bronze age, and many ancient 
cities gained wealth from mining, 
making, and marketing salt. 

Historically, the most intrigu- 
ing salt lake is the Dead Sea (see 
the second figure, panel A), 
mentioned in the Book of Genesis 
and in Pliny the Elder’s Natural 
History as being free of life. The 
tectonic isolation of the Dead Sea 
basin from the ocean has con- 
tributed to its slow salinization. 
Today, this natural laboratory 
is endangered because of ever- 
decreasing freshwater inputs from 
the Jordan River. Volcani first 
described microbial life in Dead 
Sea waters in his benchmark 1936 paper (8). 
Many halophilic archaeae were isolated from 
samples of Volcani 57 years after their collec- 
tion (//), indicating low mortality in their 
salty habitat. For the same reason, thick pho- 
tosynthetic microbial mats can thrive at the 
bottom of shallow salt lakes where their graz- 
ers are excluded. 

Brines also occur in polar habitats. When 
sea ice forms, 10 to 30% of its volume is com- 
prised by brine channels. Sea-ice microbial 
communities thrive inside the interconnected 
brine channels that concentrate nutrients and 
organic substrates (/2). In Antarctica, sub- 
glacial saline lakes and surficial brine lakes or 


Brine habitats. (A) The Dead Sea, where the first halophilic organisms were identified. (B) 
Blood Falls at the base of the Taylor Glacier in Antarctica. (C) A bacterial mat—covered brine 
pool on a deep-sea mud volcano in the Eastern Mediterranean. 


moats are common (/, /3). The Antarctic Dry 
Valleys are home to one of the most intriguing 
and spectacular microbial ecosystems known 
(2): Blood Falls, where subglacial iron-rich 
seawater-derived brine episodically drains 
from Taylor Glacier (see the second figure, 
panel B). This brine contains a low diversity of 
microbes, mainly sulfur- and iron-using bac- 
teria, including the Arctic species Thiomi- 
crospira arctica (14). 

Finally, deep, dark, and remote hypersaline 
habitats—such as mud volcanoes, brine lakes, 
and anoxic basins—occur at the bottom of the 
Black, Red, and Mediterranean seas and in the 
Gulf of Mexico (see the second figure, panel 
C). When subsurface fluids interact with 
ancient salt deposits, they can form warm 
brines, which migrate up through the sedi- 
ments and are expelled at the sea floor or accu- 
mulate in brine pools. The microbial eco- 
systems associated with these brines vary with 
fluid composition and flow rate (3). Hyper- 
saline anoxic basins in the eastern Medi- 
terranean Sea result from the dissolution of 
Miocene salt deposits exposed to seawater 
after tectonic activity (/5). Brine microbial 
ecosystems are associated with mud volcanoes 
along the tectonically active Mediterranean 
Ridge and on the passive Egyptian continental 
margin, where subsurface fluids interact with 
Messinian salt deposits as a result of gravita- 
tional transport (/6). 

The high density of hypersaline brine lim- 
its mixing with overlying seawater, generating 
a chemocline up to a few meters thick (3). 
Viewing such habitats from a submersible is 
like seeing a lake in the ocean (see the second 
figure, panel C). These chemoclines host an 
elevated biomass and diversity of microorgan- 
isms relative to the overlying seawater and 
underlying brine, including novel bacterial 
and archaeal clades (/7). Microorganisms 
profiting from the redox gradients, such as 
sulfide-oxidizing Arcobacter, leave visible 
sulfur precipitates floating on the brine (/6). 
In Gulf of Mexico brines, which contain no 
sulfate, specific microbial functions—such as 
formation and consumption of acetate and 
subsequent methane production—have been 
observed for the first time at high salinity and 
were found to vary across the chemocline (3). 

Saline habitats and their diverse halophilic 
inhabitants will remain an important focus for 
extremophile studies, furthering our knowl- 
edge of their unique adaptations and provid- 
ing novel enzymes for biotechnological appli- 
cations. In addition, remote and isolated briny 
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habitats such as those described in recent stud- 
ies (/—4) are fascinating natural laboratories 
to study the persistence, energetics, and com- 
plexity of microbial life, with implications for 
the evolution of biogeochemical cycles on 
Earth and elsewhere. 
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IMMUNOLOGY 


A Chronic Need for IL-21 


Lisa D. S. Johnson and Stephen C. Jameson 


hronic viral infections provoke a war 
( of attrition between cytotoxic T cells 
(the CD8* subclass) of the immune 
system and infected host cells. Although the 
CD8* T cell response gradually whittles away 
at the viral load, the cells progressively become 
“exhausted” and lose function during a chronic 
infection (/). This exhaustion becomes more 
severe in the absence of helper CD4* T cells, 
potentially leading to viral persistence and loss 
of virus-specific CD8* T cells (/, 2). But how 
do CD4* cells help? Three reports in this issue, 
by Elsaesser et al. on page 1569 (3), Yi etal. on 
page 1572 (4), and Frohlich et al. on page 1576 
(5), suggest an unexpected role for a specific 
cytokine produced by CD4* T cells called 
interleukin-21 (IL-21) in con- 
trolling chronic viral infections. A 
IL-21 is produced by multi- 
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but other immune cells, includ- 
ing B, natural killer, and CD8* 
T cells, also respond to IL-21. 
The IL-21 receptor (IL-21R) 
belongs to the yC family of 
cytokine receptors (which in- 
cludes receptors for IL-2, -7 
and -15), and IL-21 can coop- 
erate with other members of 
that group to enhance CD8* T 
cell responses (8, 9). This lays 
the groundwork for consider- 
ing whether CD4* cell “help” 
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CD4+ T cells 


for CD8*T cell responses involves IL-21 as an 
intermediary. 

The new reports show that in mice, IL-21 
is produced by CD4* T cells responding to 
chronic lymphocytic choriomeningitis virus 
(LCMV) infection. As the infection persists, 
these T cells increase IL-21 production (while 
decreasing IL-2 production) (3, 4) (see the 
figure). To test the relevance of this response, 
IL-2 1-— or IL-21R-deficient mice were chron- 
ically infected with LCMV. Surprisingly, the 
studies found that both types of mice were 
more susceptible than normal mice to chronic 
infection, and had more dramatic exhaustion 
of LCMV-specific CD8* T cells. Further- 
more, IL-21— and IL-21R-—deficient mice 


Chronic infection 


Course of infection 


Acute infection 


control 
CD8+ T cells 


Help for the exhausted. During acute viral infection, IL-21 is produced by anti- 
gen-specific CD4* T cells, but is not required for the specific CD8* T cell response 
or control of the pathogen (solid curve). During chronic viral infection (dashed 
curve), the CD4* and CD8* T cell responses become partially “exhausted,” but 
CD4* T cells eventually increase IL-21 production. This helps the CD8* T cell 
response, eventually leading to viral control. 
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A cytokine produced by helper T cells enables 
CD8* T cells to control viral infection. 


could not overcome chronic infection com- 
pared to normal mice that were infected. By 
contrast, the magnitude of the CD4* T cell 
response was normal [or even enhanced (3)] 
in the IL-21— and IL-21R-deficient mice. 
Antibody production by B cells to LCMV was 
mildly impaired in IL-21— and IL-21R-defi- 
cient animals (IL-21 simulates B cell func- 
tion) (6, 7), but antibody is not thought critical 
for controlling chronic LCMV infection. 
Because the sustained presence of viral 
antigen during chronic infection reinforces 
CD8'T cell exhaustion, IL-21 might enhance 
viral clearance by affecting other cells types 
(e.g., CD4* T cells). This might also relieve 
CD8* T cell exhaustion. The new studies 
addressed this issue by assessing 
the function of IL-21R—deficient 
CD8* T cells in normal recipient 
mice. CD8* T cells lacking IL-21R 
had impaired self-maintenance, 
suggesting an autonomous require- 
ment for IL-21 sensitivity. Whether 
IL-21 also acts on other immune 
cell types to resolve chronic LCMV 
infection remains to be determined. 
But is IL-21 the critical element 
that allows CD4* T cells to help 
CD8* T cells combat chronic viral 
infection? Yi ef al. report that in 
response to injected IL-21, CD4*- 
deficient mice with a chronic LCMV 
infection showed enhanced num- 
bers and function of CD8* T cells 
and reduced viral titers. Although 
none of the new studies conclusively 
show that IL-21 produced by CD4* 
T cells is essential for helping CD8* 
T cells during chronic LCMV infec- 
tion, the prominence of CD4*T cells 
as a source for IL-21 is highly sug- 
gestive. IL-21 shows promise in 


Viral 


19 JUNE 2009 


1525 


PEROPe IVES 


1526 


tumor treatments (another scenario in which 
the immune system is subject to chronic anti- 
gen exposure) (6, /0), and its therapeutic 
potential is appealing. At the same time, the 
capacity of IL-21 to enhance the CD8* T cell 
response may come at a cost: Treating chronic 
LCMV-infected CD4*-deficient animals with 
IL-21 led to severe sickness (4). Hence, 
prospective therapeutic use of IL-21 will need 
to be finely tuned. 

CD4* T cell help is also important for the 
CD8* T cell response to various acute infec- 
tions (2). In such responses, lack of CD4* 
help (or lack of IL-2 sensitivity) typically has 
minimal impact on CD8* T cell priming, but 
leads to a failure of memory CD8* T cells to 
mount a response to subsequent infection by 
the same pathogen (2). The current reports 
find no effect of IL-21 or IL-21R deficiency 
on the primary CD8* T cell responses to vari- 
ous acute infections (3—5), and in one study, 


memory CD8* T cell responses to LCMV 
were intact (5). Such data strongly suggest 
that IL-21 is a key element of CD4* T cell 
help in CD8* T cell responses to chronic but 
not acute infections. Furthermore, the ele- 
vated and sustained production of IL-21 (but 
not IL-2) in CD4* T cells from chronically 
infected animals contrasts with the sustained 
capacity for IL-2 (but not IL-21) synthesis by 
CD4* T cells following acute infection (3). 
Thus, the basis by which CD4* T cells help 
the CD8* T cell responses may change de- 
pending on the nature of the infection. IL-21 
appears to induce a unique differentiation 
pathway in activated CD8* T cells (6, /0, 17), 
potentially equipping them to better clear 
virus during a chronic infection. Whether the 
IL-21-producing CD4* T cells also function 
as follicular helper T cells or T,,17 cells dur- 
ing chronic viral infection is unclear [al- 
though Fréhlich er al. argue against T,,17 


involvement (5)]. Regardless, these studies 
suggest a key role for IL-21 in mediating 
CD4* help when it’s needed most. 
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CHEMISTRY 


Extracting Potentials from Spectra 


Peter F. Bernath 


or most elements, we know whether 
Fre can form a diatomic molecule, 
especially for light atoms that have few 
electrons and can be treated readily by theory. 
But for one such light element, surprises are 
still in store. For most of the 20th century, 
experimental and theoretical studies agreed 
that the beryllium dimer (Be,) did not exist. 
The Be atom has filled electron shells and— 
like the inert gases such as helium—was 
expected to form at most a weak van der Waals 
dimer at very large internuclear distances. Yet, 
as shown experimentally by Merritt et al. on 
page 1548 of this issue (/), Be, does exist and 
has a relatively short bond (2.45 A), relative to 
the anticipated van der Waals complex with a 
bond length of about 5 A. Its unusually flat 
potential curve limits the number of vibra- 
tional levels and provides the rare opportunity 
to study the highest vibrational state of a mol- 
ecule just at its dissociation limit. 
Experiments with beryllium are difficult 
because the metal is refractory (it has a low 
vapor pressure even at very high tempera- 
tures) and because beryllium-containing 
compounds are generally extremely toxic. 
However, Be vapor can be created through 
laser ablation ofa Be metal target. Rapid cool- 
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ing of the vapor during supersonic expansion 
through an orifice into vacuum allows prepa- 
ration of the dimer. The rovibrational states of 
the dimer are then probed with a double- 
resonance method: One laser excites the mol- 
ecule into an excited electronic state where the 


An analysis of the spectra of the elusive 
beryllium dimer, aided by ab initio 
calculations, characterizes the molecule 
near its dissociation limit. 


atoms are still bound; stimulated emission 
pumping (2) by a second laser returns the mol- 
ecule back into each of the bound vibrational 
levels of the ground state. 

The data analysis performed by Merritt 
et al. is noteworthy because it allows a better 
connection to theory than stan- 
dard methods. Vibration-rotation 


energy levels are usually reduced 


Energy (cm~2) 


to spectroscopic constants that are 
parameters in a power series ex- 
pansion that uses the relevant 
quantum numbers of the states (3, 
4). However, an excessively large 
number of expansion terms are 
needed, particularly for a potential 
with an unusual shape such as 
Be,, and these fitting parameters 
have lost their physical meaning. 
In contrast, a parameterized po- 
tential function (see the figure) 
requires far fewer fitting parame- 


r (A) 


Shallow potentials with deeper implications. The potential 
energy function for Be, as a function of interatomic distance r was 
determined by Merritt et al. from a fit to the experimental obser- 
vations. The levels become more congested as the energy nears the 
dissociation limit D,. The bound vibrational energy levels and the 
square of the vibrational wave functions were calculated by LeRoy 


with his program LEVEL (6). 


ters and makes a direct connection 
with ab initio quantum chemistry. 

Merritt et al. adopted a more 
powerful analysis method that 
bypassed traditional constants in 
favor of a parameterized potential 
energy function obtained from a 
direct fit of the energy levels using 
the vibration-rotation Schrédinger 
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equation. LeRoy has been one of the pioneers 
of this modern quantum mechanical ap- 
proach, and the authors used his freely avail- 
able computer code (5, 6). 

With only eight electrons, Be, has attracted 
and challenged quantum chemists for nearly 
80 years. Ab initio quantum chemistry solves 
the electronic Schrédinger equation to obtain 
the interaction energy for a series of molecular 
geometries. Within the Born-Oppenheimer 
approximation, which separates fast elec- 
tronic motion from slower vibration-rotation 
nuclear motion, these electronic energies are 
used to construct the potential energy function 
that is then used to solve the vibration-rotation 
Schrédinger equation. It is now even possible 
to deal with the breakdown of the Born- 
Oppenheimer approximation in both experi- 
ment (7) and ab initio theory (8). 

Quantum chemistry attributes the forma- 
tion of the Be—Be bond and the unusual poten- 
tial shape to the inclusion of more and more p 
character in the valence orbitals as the atoms 
approach each other (9). The p orbitals are 
more directional than the s orbitals that 
describe the isolated atoms. The comparison 
between the experimentally derived potential 
of Merritt et al. and modern high-quality ab 
initio potentials such as those calculated in (9, 


10) is reasonable at the moment but definitely 
not perfect (//), with noticeable differences in 
the internuclear distance and in the dissocia- 
tion energy. 

It is experimentally challenging to mea- 
sure the entire range of vibrational levels and 
locate the last bound level at v= 10, which has 
a binding energy of only a few wave numbers. 
Indeed it is even possible that there is another 
vibrational level with v= 11 that is bound by a 
tiny fraction of a wave number. As can be seen 
from the square of the wave function, which 
gives the probability distribution, the mole- 
cule spends nearly all of its time at a large 
internuclear separation of 7 A for v = 10. The 
application of stimulated emission pumping 
and the availability of a suitable excited elec- 
tronic state allowed Merritt et al. to map out 
the Be, levels. 

Spectroscopic observations often focus on 
the lowest few vibrational levels of a potential 
because they are easier to observe and calcu- 
late, but modern computational and experi- 
mental methods—such as interactions seen in 
cold atom trapping (/2)—can provide infor- 
mation on the last few levels near dissociation. 
In some cases [for example, MgH (/3)], it is 
only the combination of modern potential fit- 
ting methods with high-quality observations 
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that enables the last few bound levels to be 
located in the forest of stronger lines. The full 
characterization of all bound levels with exper- 
imental precision for small molecules such as 
water is still a distant goal, but the first steps 
with, for example, H, (/4), MgH (/3), and now 
Be,, are important landmarks on the way. 
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Bridging the Gap and Staying Local 


Martin Korte 


ong-term memory storage requires 
| the transcription of specific genes in 
neurons (/). It also requires that the 
proteins encoded by these transcripts local- 
ize to regions in the neurons that forge the 
communicative neuronal connections, or 
synapses (2). Yet, how do gene products gen- 
erated in the neuronal cell body (soma) 
“know” to which of all the neuron’s synapses 
(up to 30,000) they have to be targeted? Two 
reports, by Wang ef al. (3) on page 1536 of 
this issue and by Okada et al. (4), explore 
how long-lasting memory can be imple- 
mented at specific synapses. 

One solution that has been debated is the 
tagging (or capture) hypothesis (5, 6). The so- 
called synaptic tag serves as a molecular 
marker that targets synaptic plasticity-related 
proteins only to previously activated synapses. 
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Generally available proteins would be trans- 
ported into the activated synapses only after 
stimulation (4). Alternatively, the synaptic 
tag could spatially restrict new protein synthe- 
sis (local translation) at stimulated synapses 
(7, 8). However, until now, there has been no 
direct evidence showing that specific messen- 
ger RNAs (mRNAs) undergo locally restric- 
ted translation at stimulated synapses only 
during long-lasting (transcription-dependent) 
synaptic plasticity. 

To approach this problem, Wang et al. cul- 
tivated sensory and motor neurons of the sea 
slug Aplysia californica (a model system for 
studying synaptic plasticity) (7). This mono- 
synaptic connection is a central part of the 
gill-withdrawal reflex in Aplysia. Multiple 
applications of the neurotransmitters sero- 
tonin or Phe-Met-Arg-Phe-NH, (FMRFamide) 
leads to long-term facilitation or depression 
of synaptic transmission, respectively, two 
effects that control memory storage. To mon- 
itor local translation of mRNA during long- 


Published by AAAS 


Imaging with fluorescence reporters reveals the 
molecular nature of long-term memory storage 
at stimulated synapses. 


lasting synaptic plasticity, Wang et al. generated 
an elegant molecular tool using mRNA that 
encodes sensorin, a sensory neuron-specific 
peptide neurotransmitter. Sensorin mRNA 
localizes to distal neuronal processes (neu- 
rites) and is abundant at synapses. Its transla- 
tion to protein is necessary for serotonin- 
induced long-term facilitation. The authors 
fused the 5’ and 3’ untranslated regions of 
sensorin mRNA to the region of mRNA 
encoding dendra2, a fluorescent protein (9). 
Dendra2 switches its fluorescence irre- 
versibly from green to red after illumination 
by ultraviolet light. The authors first con- 
verted dendra2 to red fluorescence by ultravi- 
olet irradiation. Afterward, any green dendra2 
detected represents newly produced protein 
via local translation (after the soma was cut 
off). Wang ef al. show that green dendra2 
became visible only at synapses that demon- 
strated long-term facilitation, but not at 
unstimulated synapses, nor when long-term 
depression was induced. 
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Restricted storage. The results of Wang et al. support a scenario for activity-depend- 
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ent synaptic plasticity in which stimulation of a presynaptic neuron (for example, with 


the neurotransmitter serotonin), and a retrograde signal from a postsynaptic neuron, 
activate the local expression of specific mRNA. This, in part, underlies long-term facil- 


itation memory storage. 


The studies of Wang 
et al. and Okada et al. 
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One central finding of Wang et al. is that for 
local translation of mRNA to occur, the postsy- 
naptic side (the motor neuron) is needed as 
well. Thus, without a chemical synapse (in 
which molecules relay signals across a syn- 
apse), local translation is not functional. Further- 
more, the authors show that Ca* changes in the 
postsynaptic compartment are correlated to 
local protein translation in the presynaptic neu- 
ron. Therefore, a trans-synaptic retrograde sig- 
nal is required for translational regulation in the 
presynaptic side (see the figure). 

Local and precisely targeted protein syn- 
thesis is one solution to the specificity puzzle. 
Another solution would be to target ubiqui- 
tously available plasticity-related proteins into 
the stimulated synapse only. Okada et al. (4) 
showed that under resting conditions, Vesl-1S 
(also called Homer 1a), a late-phase plasticity- 
related protein required for long-term fear 
memory in mammals, was absent from the 
postsynaptic side of a stimulated synapse (in 
primary cultures of rat hippocampal neurons). 
Okada et al. used the fluorescence marker 
enhanced green fluorescent protein (fused to 
Vesl-1S) to detect the movement of the corre- 
sponding protein. Only after activation of the 
N-methyl-D-aspartate (NMDA) receptor (a 
glutamate receptor that induces synaptic plas- 
ticity) could Vesl-1S enter neuronal spines 
(small protrusions on dendrites that form the 
postsynaptic part of connections with other 
neurons). Localization of plasticity-related 
proteins into spines is thus tightly controlled by 
molecules that might function as synaptic tags. 
This finding invites speculation about the 
molecular nature of the gatekeeper in stimu- 
lated synapses and how it can “sense” the spa- 
tial and temporal strength of the incoming 
information from the presynaptic side. Per- 
haps molecules located at the neck of a den- 
dritic spine, such as synaptopodin (/0), could 
fulfill this function. 


Synapse 
(Aplysia) 


demonstrate, in a reduc- 
tionist cell culture sys- 
tem, that translation and 


Ca@* transportation are indeed 
restricted to specific syn- 
apses. However, other data 

? point out that in a more 
complex network system, 


there is additional cross- 

talk and interaction be- 
tween individual synapses (//, /2). Also, 
the side of the synapse where synaptic 
strengthening takes place is not always 
restricted to the activated synapse itself, but 
rather to a consortium of synapses close to 
the stimulated side (/3). Overall it will be 
exciting to see how processes of metaplas- 
ticity, in which the rules of synaptic plastic- 
ity are changed due to prior activity of the 
neuron, are implemented on a molecular 
basis (/4). Nevertheless, the studies by 


Wang ef al. and Okada et al. convincingly 
demonstrate how synapse specificity can be 
maintained during the implementation of 
long-lasting synaptic changes. 
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EVOLUTION 


Uniting Alignments and Trees 


Ari Léytynoja and Nick Goldman 


An iterative method that estimates both sequence alignments and phylogenies leads to improved 


phylogenetic trees for large data sets. 


tionary relatedness of different species 

or groups of species are often deter- 
mined by analyzing the similarities and differ- 
ences between genetic sequences. The prob- 
lems involved—sequence alignment and phy- 
logenetic inference—are among the oldest in 
bioinformatics (/, 2) and are still much stud- 
ied (3—7). As was noticed early on, however, 
alignment and phylogenetic inference are not 
separate problems but should be seen as two 
parts of one question: the detection of 
sequence homology (8). On page 1561 of this 
issue, Liu et al. (9) describe a new approach 
for the coestimation of phylogenetic trees and 
sequence alignments for very large data sets. 


P hylogenetic trees depicting the evolu- 
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At its simplest, the evolution of sequences 
is a treelike forking process of speciations and 
sequence duplications (/0). In this process, 
mutations—insertions, deletions, and substi- 
tutions—may occur in the branches that con- 
nect the nodes and leaves of the tree (see the 
figure, panel A). In evolutionary studies, an 
alignment—the placement of nucleotides or 
amino acids from a set of related sequences 
into the columns of a matrix (see the figure, 
panel C)—is an inference of homology: Each 
column contains the sequence characters 
(amino acids or nucleotides) believed to have 
evolved from a common ancestor through 
character substitutions only. This inference is 
complicated by the reduction of sequence sim- 
ilarity over evolutionary time because of sub- 
stitutions and, more importantly, by insertions 
and deletions that cause breaks in the runs of 
consecutive homologous sites in each sequ- 
ence. Errors in homology inference may lead 
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Interdependence of alignment and phylogeny. (A) Sequences are related 
through an unknown evolutionary tree; mutations occur along the branches that 
connect the sequences at the nodes. (B) Progressive alignment methods try to 
backtrack the evolutionary process and build the multiple alignment from sequen- 
tial pairwise alignments performed according to a guide tree. (C) Sequence align- 


to erroneous conclusions in further analyses. 

Phylogenetic sequence analyses are tradi- 
tionally performed in two steps: Alignment is 
followed by reconstruction of a tree from the 
character patterns observed at each homologous 
site. However, this approach has an inherent 
problem of circularity. Widely used alignment 
algorithms require a guide tree (see the figure, 
panel B) before the sequences are aligned and a 
tree can be inferred (see the figure, panel D). 
Without a guide tree, alignment programs typi- 
cally generate a tree using relatively unsophisti- 
cated methods. Errors in these starting trees 
may introduce errors in the resulting alignment 
that then affect the phylogenetic inference. 

It is this vicious cycle of interdependence 
that Liu et al. attempt to break. Their solution 
is to apply existing alignment and phylogeny 
inference tools in a more efficient manner. By 
repeatedly breaking, reinferring, and merging 
the alignment around the center of a phyloge- 
netic tree, which is itself reestimated after 
each cycle, they evade the errors in the starting 
guide tree and reduce the bias that those errors 
cause in phylogenetic inference. 

Although the concept of iterating align- 
ment and tree inference steps is not new (//), 
earlier implementations used relatively unso- 
phisticated methods to infer trees, and were 
not efficient in exploring alternative solutions. 
Furthermore, Liu et al.’s approach is fast and 
can thus be used to analyze very large data 
sets, for which the initial guess of the tree is 
most likely to be seriously wrong. Liu et al. 
show that their method outperforms existing 
methods, recovering more correct homologies 
in sequence alignment and producing phylo- 
genetic trees closer to the correct tree in large 
simulations of 500 and 1000 sequences. Their 
method is not better than the best existing 
methods on smaller data sets (where the initial 
tree may not be that wrong), but the authors 
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point out that 1000 sequences are not that 
many if we are trying to resolve the evolution- 
ary Tree of Life (12). 

Liu et al.’s method is a good reminder that 
alignment and phylogeny should not be con- 
sidered in isolation. It also raises some key 
questions and further challenges. The infer- 
ence tools that Liu ef a/. use do not guarantee 
correct alignments, nor do they use all avail- 
able information. Indeed, widely used align- 
ment methods make systematic errors in the 
placement of insertions and deletions even 
when the correct tree is known (/3). 

Because Liu et al. evaluate alignment solu- 
tions with a traditional phylogenetic likelihood 
score that treats gapped sites (indicating inser- 
tions and deletion events) as missing data, these 
errors go largely undetected and alignments 
may even be biased toward certain types of er- 
rors. Neglecting insertions and deletions is also 
wasteful, because they are valuable phyloge- 
netic markers that can be helpful in difficult 
problems such as determining the Tree of Life 
(12, 14). Methodological complexity typically 
makes the inference slower, but future appro- 
aches to solving alignment and phylogeny pro- 
blems will benefit from incorporating insertions 
and deletions in their optimization measures. 

The central idea in Liu ef al.’s approach, 
breaking and remerging the alignment, is gen- 
eral. Further improvements might be achieved 
by replacing the tools and measures they use 
with more advanced ones. Their method is 
not, however, a true simultaneous estimation 
based on a statistical model of evolutionary 
change by insertion, deletion, and substitu- 
tion, and thus cannot address another obstacle 
in phylogenetic inference: the uncertainty of 
the alignment solution (4, /5, /6). For exam- 
ple, phylogenetic trees are commonly pre- 
sented with statistical support values such as 
bootstrap proportions (/7) (see the figure, 
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ment is an inference of homology: each column represents the descendants of one 
ancestral character. (D) Phylogenetic inference is based on the alignment (C), 
which may be affected by the guide tree used to build it (B). The method of Liu 
et al. reduces this effect by alternating between steps (B) and (D) until their likeli- 
hood criterion no longer improves. 


panel D). Most studies ignore that these scores 
are based on a fixed sequence alignment that 
supports the tree in the first place; they may 
thus make us overly confident of its accuracy. 

A key challenge will be to extend the evo- 
lutionary analysis methods—including Liu et 
al.’s approach—to assess the reliability of the 
overall solution and to consider the alignment 
uncertainty in the tree search and in down- 
stream evolutionary analyses. And that is not 
all: Given that even the interpretation of boot- 
strap proportions is complicated (78), it will 
be a nightmare to visually portray the uncer- 
tainty of alignments. 
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Graphene: Status and Prospects 


Graphene is a wonder material with many superlatives to its name. It is the thinnest known 
material in the universe and the strongest ever measured. Its charge carriers exhibit giant intrinsic 
mobility, have zero effective mass, and can travel for micrometers without scattering at room 
temperature. Graphene can sustain current densities six orders of magnitude higher than that of 
copper, shows record thermal conductivity and stiffness, is impermeable to gases, and reconciles 
such conflicting qualities as brittleness and ductility. Electron transport in graphene is described by 
a Dirac-like equation, which allows the investigation of relativistic quantum phenomena in a 
benchtop experiment. This review analyzes recent trends in graphene research and applications, 


and attempts to identify future directions in which the field is likely to develop. 


raphene research has developed at a truly 
Gu pace. Several papers appear 

every day, and, if the bibliometrics pre- 
dictions (/) are to be trusted, the amount of litera- 
ture on graphene will keep rapidly increasing over 
the next few years. This makes it a real struggle to 
keep up with the developments. Newcomers are 
left without a broad perspective and are largely 
unaware of previous arguments and solved prob- 
lems, whereas the community’s doyens already 
show signs of forgetting their earlier papers. To 
combat this curse of success, many reviews have 
appeared in the last 2 years [e.g., (2)], and books 
on graphene are in the making. The electronic 
properties of graphene were recently discussed in 
an extensive theory review (3), and this basic in- 
formation is unlikely to require any revision soon. 
More specialized papers discussing such topics as 
the quantum Hall effect in graphene, its Raman 
properties, and epitaxial growth on SiC are col- 
lected in (4). Despite, or perhaps because of, the 
vast amount of available literature, graphene re- 
search has now reached the stage where a stra- 
tegic update is needed to cover the latest progress, 
emerging trends, and opening opportunities. This 
paper is intended to serve this purpose without 
repeating, whenever possible, the information 
available in the earlier reviews. 


Growing Opportunities 


Graphene is a single atomic plane of graphite, 
which—and this is essential—is sufficiently iso- 
lated from its environment to be considered free- 
standing. Atomic planes are, of course, familiar 
to everyone as constituents of bulk crystals, but 
one-atom-thick materials such as graphene re- 
mained unknown. The basic reason for this is 
that nature strictly forbids the growth of low- 
dimensional (low-D) crystals (2). Crystal growth 
implies high temperatures (7) and, therefore, 
thermal fluctuations that are detrimental for the 
stability of macroscopic 1D and 2D objects. One 
can grow flat molecules and nanometer-sized crys- 
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tallites, but as their lateral size increases, the phonon 
density integrated over the 3D space available for 
thermal vibrations rapidly grows, diverging on a 
macroscopic scale. This forces 2D crystallites to 
morph into a variety of stable 3D structures. 

The impossibility of growing 2D crystals does 
not actually mean that they cannot be made artifi- 
cially. With hindsight, this seems trivial. Indeed, 
one can grow a monolayer inside or on top of 
another crystal (as an inherent part of a 3D sys- 
tem) and then remove the bulk at sufficiently low 
T such that thermal fluctuations are unable to 
break atomic bonds even in macroscopic 2D 
crystals and mold them into 3D shapes. 

This consideration allows two principal routes 
for making 2D crystals (Fig. 1). One is to me- 
chanically split strongly layered materials such as 


A 


graphite into individual atomic planes (Fig. 1A). 
This is how graphene was first isolated and 
studied. Although delicate and time-consuming, 
the handcraft (often referred to as a scotch-tape 
technique) provides crystals of high structural 
and electronic quality, which can currently reach 
millimeter size. It is likely to remain the tech- 
nique of choice for basic research and for making 
proof-of-concept devices in the foreseeable fu- 
ture. Instead of cleaving graphite manually, it is 
also possible to automate the process by using, 
for example, ultrasonic cleavage (5). This leads 
to stable suspensions of submicrometer graphene 
crystallites (Fig. 1B), which can then be used to 
make polycrystalline films and composite mate- 
rials (5, 6). Conceptually similar is the ultrasonic 
cleavage of chemically “loosened” graphite, in 
which atomic planes are partially detached first 
by intercalation, making the sonification more 
efficient (6). The sonification allows graphene 
production on an industrial scale. 

The alternative route is to start with graphitic 
layers grown epitaxially on top of other crystals 
(7) (Fig. 1C). This is the 3D growth during which 
epitaxial layers remain bound to the underlying 
substrate and the bond-breaking fluctuations are 
suppressed. After the epitaxial structure is cooled 
down, one can remove the substrate by chemical 
etching. Technically, this is similar to making, for 
example, SIN membranes; however, the survival of 
one-atom-thick crystals was deemed impossible, 
and no one tried this route until recently (S—/0). 
The isolation of epitaxial monolayers and their 
transfer onto weakly binding substrates (2) may 


Fig. 1. Making graphene. (A) Large graphene crystal prepared on an oxidized Si wafer by the scotch- 
tape technique. [Courtesy of Graphene Industries Ltd.] (B) Left panel: Suspension of microcrystals 
obtained by ultrasound cleavage of graphite in chloroform. Right panel: Such suspensions can be 
printed on various substrates. The resulting films are robust and remain highly conductive even if 
folded. [Courtesy of R. Nair, University of Manchester] (C) The first graphene wafers are now available 
as polycrystalline one- to five-layer films grown on Ni and transferred onto a Si wafer. [Courtesy of 
A. Reina and J. Kong, MIT] (D) State-of-the-art SiC wafer with atomic terraces covered by a graphitic 
monolayer (indicated by “1"). Double and triple layers (“2” and “3") grow at the steps (22). 
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now seem obvious, but it was realized only last 
year (9, /0). 

With progress continuing apace, the produc- 
tion of graphene wafers looks like a done deal. 
Imagine the following technology: Let us start 
with a tungsten (011) wafer of many inches in 
diameter and epitaxially grow a thin Ni (111) film 
on top (//). This is to be followed by chemical 
vapor deposition of a carbon monolayer (the 
growth of graphene on Ni can be self-terminating 
with little lattice mismatch) (7, //). In this manner, 
wafer-scale single crystals of graphene (chemically 
bound to Ni) have been grown (//). A polymer or 
another film can then be deposited on top, and Ni 
is etched away as a sacrificial layer, leaving a 
graphene monolayer on an insulating substrate 
and the expensive W wafer ready for another 
round. The full cycle has not yet been demon- 
strated and will probably differ from the gedanken 
one outlined above (e.g., Cu can be used instead 
of Ni). Nonetheless, wafers of continuous few- 
layer graphene have already been grown on poly- 
crystalline Ni films and transferred onto plastic 
and Si wafers (9, 10) (Fig. 1C). These films ex- 
hibit carrier mobility 1 of up to 4000 cm? V's ! 
(10}—close to that of cleaved graphene—even 
before the substrate material, growth, and transfer 
procedures have been optimized. 

Where does this leave graphitic layers grown 
on SiC (4, 12) (Fig. 1D)? These have been con- 
sidered as a champion route to graphene wafers 
for electronics applications, mostly because SiC 
automatically provides an insulating substrate. 
First of all, one must distinguish between two 
principally different types of “graphene on SiC.” 
One consists of single and double layers grown 
on the Si-terminated face, and the other is “mul- 
tilayer epitaxial graphene” that rapidly grows on 
the carbon face (4, /2). In the former case, car- 
bon layers are bound to the substrate sufficiently 
weakly to retain graphene’s linear spectrum away 
(0.2 eV) from the charge neutrality point (NP) 
(13). However, interaction with the substrate in- 
duces strong doping (~10'* cm) and spectral 
disorder at low energies [(/3); see (14) for a pos- 
sible model for the complex graphene-SiC inter- 
face]. The crystal quality and coverage homogeneity 
for the Si-face films have recently improved (/2), 
and values start approaching those for graphene 
transferred from Ni. As for the carbon face, its 
epitaxial multilayers should probably be referred 
to as turbostratic graphene because they are rota- 
tionally disordered (no Bernal stacking) and sep- 
arated by a distance slightly larger than that in 
graphite (4, 15). Turbostratic graphene exhibits the 
Dirac-like spectrum of free-standing graphene, lit- 
tle doping, and exceptionally high electronic quality 
(u = 250,000 cm? V~! s"! at room temperature) 
(15). These features can be attributed to weak elec- 
tronic coupling between inner layers; their protec- 
tion from the environment by a few outer layers; 
and the absence of microscopic corrugations (2, 8). 
Because an external electric field is screened within 
Just a couple of near-surface layers, turbostratic 
graphene probably offers limited potential for elec- 
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Fig. 2. Quasi-particle zoo. (A) Charge carriers in condensed matter physics are normally described by 
the Schrodinger equation with an effective mass m* different from the free electron mass (f is the 
momentum operator). (B) Relativistic particles in the limit of zero rest mass follow the Dirac equa- 
tion, where c is the speed of light and @ is the Pauli matrix. (C) Charge carriers in graphene are 
called massless Dirac fermions and are described by a 2D analog of the Dirac equation, with the 


Fermi velocity v; = 1 x 10° m/s playing the role of the speed of light and a 2D pseudospin matrix & 


describing two sublattices of the honeycomb lattice (3). Similar to the real spin that can change its 
direction between, say, left and right, the pseudospin is an index that indicates on which of the two 
sublattices a quasi-particle is located. The pseudospin can be indicated by color (e.g., red and green). 
(D) Bilayer graphene provides us with yet another type of quasi-particles that have no analogies. 
They are massive Dirac fermions described by a rather bizarre Hamiltonian that combines features of 
both Dirac and Schrodinger equations. The pseudospin changes its color index four times as it moves 


among four carbon sublattices (2-4). 


tronics but is interesting from other perspectives, 
especially for fundamental studies close to NP. 

Whichever way one now looks at the pros- 
pects for graphene production in bulk and wafer- 
scale quantities, those challenges that looked so 
daunting just 2 years ago have suddenly shrunk, 
if not evaporated, thanks to the recent advances 
in growth, transfer, and cleavage techniques. 


Quantum Update 


The most explored aspect of graphene physics 
is its electronic properties. Despite being recently 
reviewed (2—4), this subarea is so important that 
it necessitates a short update. From the most gen- 
eral perspective, several features make graphene’s 
electronic properties unique and different from 
those of any other known condensed matter sys- 
tem. The first and most discussed is, of course, 
graphene’s electronic spectrum. Electrons propa- 
gating through the honeycomb lattice completely 
lose their effective mass, which results in quasi- 
particles that are described by a Dirac-like equa- 
tion rather than the Schrédinger equation (2-4). 
The latter—so successful for the understanding of 
quantum properties of other materials—does not 
work for graphene’s charge carriers with zero rest 
mass. Figure 2 provides a visual summary of how 
much our quantum playgrounds have expanded 
since the experimental discovery of graphene. 
Second, electron waves in graphene propagate 
within a layer that is only one atom thick, which 
makes them accessible and amenable to various 
scanning probes, as well as sensitive to the proxim- 
ity of other materials such as high-« dielectrics, 


superconductors, ferromagnetics, etc. This feature 
offers many enticing possibilities in comparison with 
the conventional 2D electronic systems (2DES). 
Third, graphene exhibits an astonishing electronic 
quality. Its electrons can cover submicrometer dis- 
tances without scattering, even in samples placed 
on an atomically rough substrate, covered with ad- 
sorbates and at room temperature. Fourth, as a 
result of the massless carriers and little scattering, 
quantum effects in graphene are robust and can 
survive even at room temperature. 

The initial studies of graphene’s electronic 
properties were focused on the analysis of what 
new physics could be gained by using the Dirac 
equation within the standard condensed matter 
formalism (2-4). This “recycling” of quantum elec- 
trodynamics for the case of graphene has quickly 
led to the understanding of the half-integer quantum 
Hall effect and the predictions of such phenomena 
as Klein tunneling, zitterbewegung, the Schwinger 
production (/6), supercritical atomic collapse (3, 17), 
and Casimir-like interactions between adsorbates 
on graphene (/8). As for experiment, only the Klein 
tunneling has been verified in sufficient detail 
(/9, 20). Furthermore, transport properties of real 
graphene devices have turned out to be much more 
complicated than theoretical quantum electrody- 
namics, and some basic questions about graphene’s 
electronic properties still remain to be answered. 
For example, there is no consensus about the 
scattering mechanism that currently limits 1, little 
understanding of transport properties near NP 
[especially on zero Landau level (2/)], and no 
evidence for many predicted interaction effects. 
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In the near term, much of this research will 
continue being driven by our knowledge about 
other low-D systems and by the “recycling” of the 
known issues and phenomena. Graphene-based 
quantum dots (22, 23), p-n junctions (/9, 20), 
nanoribbons (23-25), quantum point contacts 
(22), and, especially, magnetotransport near NP 
have not received even a fraction of the attention 
they deserve. Also, it is easy to foresee the re- 
visiting of lateral superlattices, magnetic focus- 
ing, electron optics, and many interference and 
ballistic effects studied previously in the con- 
ventional 2DES (26), which hopefully can either 
be more spectacular in graphene or clarify its 
physics. Among other usual suspects are electro- 
and magneto-optics, where graphene offers many 
unexplored opportunities. 

Graphene is structurally malleable, and its 
electronic, optical, and phonon properties can 
be strongly modified by strain and deformation 
(27). For example, strain allows one to create 
local gauge fields (3) and even alter graphene’s 
band structure. Research on bended, 


lead to changes mostly in the carrier concentra- 
tion, so that graphene remains highly conductive 
(29). Other adsorbates such as H* or OH” give 
rise to localized (“‘mid-gap”’) states close to NP, 
which results in poorly conductive derivatives such 
as graphene oxide (6) and “single-sided graphane” 
(30). Despite the new names, these are not new 
chemical compounds but are the same graphene 
randomly decorated with adsorbates. Thermal an- 
nealing or chemical treatment allows the reduction 
of graphene to its original state with relatively few 
defects left behind (30). This reversible dressing 
up and down is possible because of the robust 
atomic scaffold that remains intact during chem- 
ical reactions. 

Within this surface science perspective, graphene 
chemistry looks similar to that of graphite, and the 
latter can be used for guidance. There are principal 
differences too. First, chemically induced changes 
in graphene’s properties are much more pronounced 
because of the absence of an obscuring contribution 
from the bulk (29). Second, unlike graphite’s sur- 


folded, and scrolled graphene is also 
gearing up. Furthermore, graphene 
and turbostratic graphene offer a 
dream playground for scanning probe 
microscopy, and many experiments 
can be constructed for observing su- 
percritical screening, detecting local 
magnetic moments, mapping wave 
functions in quantizing fields, etc. 
Further down the line are interaction 
effects in split bilayers; observing 
such effects would be experimentally 
challenging but may bring up phys- 
ics even more spectacular than that 
in the other 2DES (28). On the fron- 
tier of exploration is the fractional 
quantum Hall effect, whose possi- 
bility has already been tormenting 
graphene researchers who occasionally observe 
plateau-like features at fractional fillings, only to 
find them irreproducible for different devices. 

The above sketchy agenda may take many 
years to complete, and the speed of developments 
will crucially depend on progress in growing 
wafers and improvements in sample quality. Inch- 
size wafers with 1 values in the range of | million 
can no longer be dismissed as “graphene dreams,” 
and when this happens, many-body phenomena 
and new physics that cannot even be envisaged at 
this stage are likely to emerge. 


A 


Chemistry Matters 


Graphene is an ultimate incarnation of the sur- 
face: It has two faces with no bulk in between. 
Although this surface’s physics is currently at the 
center of attention, its chemistry has remained 
largely unexplored. What we have so far learned 
about graphene chemistry is that, similar to the 
surface of graphite, graphene can adsorb and 
desorb various atoms and molecules (for exam- 
ple, NO2, NH3, K, and OH). Weakly attached 
adsorbates often act as donors or acceptors and 


Fig. 3. Graphene derivatives. (A) Graphene oxide laminate is 
tough, flexible, transparent, and insulating (6). (B) Paper made 
in the same way as (A) but starting from graphene suspension 
(5) is porous, fragile, opaque, and metallic. [Courtesy of R. Nair, 
University of Manchester] 


face, graphene is not flat but typically exhibits 
nanometer-scale corrugations (8). The associated 
strain and curvature can markedly influence local 
reactivity. Third, reagents can attach to both graphene 
faces, and this alters the energetics, allowing chem- 
ical bonds that would be unstable if only one sur- 
face were exposed (3/). 

An alternative to the surface chemistry per- 
spective is to consider graphene as a giant flat 
molecule (as first suggested by Linus Pauling). 
Like any other molecule, graphene can partake in 
chemical reactions. The important difference be- 
tween the two viewpoints is that in the latter case, 
adsorbates are implicitly assumed to attach to the 
carbon scaffold in a stoichiometric manner—that 
is, periodically rather than randomly. This should 
result in new 2D crystals with distinct electronic 
structures and different electrical, optical, and 
chemical properties. The first known example is 
graphane, a 2D hydrocarbon with one hydrogen 
atom attached to every site of the honeycomb 
lattice (30, 31). Many other graphene-based crys- 
tals should be possible because adsorbates are 
likely to self-organize into periodic structures, 


similar to the case of graphite, which is well 
known for its surface superstructures. Instead of 
doping with atomic hydrogen (as in graphane), 
F’, OH, and many functional groups appear 
to be viable candidates in the search for novel 
graphene-based 2D crystals. 

Graphene chemistry is likely to play an in- 
creasingly important role in future developments. 
For example, stoichiometric derivatives offer a 
way to control the electronic structure, which is 
of interest for many applications including elec- 
tronics. Chemical changes can probably be in- 
duced even locally. Imagine, then, an all-graphene 
circuitry in which interconnects are made from 
pristine graphene, whereas other areas are modi- 
fied to become semiconducting and allow transis- 
tors. Disordered graphene-based derivatives should 
not be overlooked either. They can probably be 
referred to as functionalized graphene, suitable 
for specific applications. “Graphene paper” is a 
spectacular example of how important such func- 
tionalization could be (Fig. 3). If it is made start- 
ing with a suspension of nonfunctionalized flakes 
(5), the resulting material is porous and extremely 
fragile. However, the same paper made of graphene 
oxide is dense, stiff, and strong (6, 32). In the latter 
case, the functional groups bind individual sheets 
together, which results in a microscopic structure not 
dissimilar to that of nacre, known for its strength. 
Instead of aragonite bound in nacre by biopolymer 
glue, graphene oxide laminate, in particular its 
reduced version (32), makes use of atomic-scale 
stitching of the strongest known nanomaterial. 

Despite a cornucopia of possible findings and 
applications, graphene chemistry has so far at- 
tracted little interest from professional chemists. 
One reason is that graphene is neither a standard 
surface nor a standard molecule. However, the 
main obstacle has probably been the lack of sam- 
ples suitable for traditional chemistry. The recent 
progress in making graphene suspensions (5, 6) 
has opened up a way to liquid-phase chemistry, 
and hopefully, the professional help that graphene 
researchers have long been waiting for is now 
coming. 


Sleeping Beauty 

It is customary these days to start reports on 
graphene by referring to it as a “unique elec- 
tronic system.” This statement belittles what 
graphene is actually about. 2DES and even 
Dirac-like quasi-particles were known before, 
but one-atom-thick materials were not. In this 
respect, graphene has founded a league of its 
own, but little is known about its non-electronic 
properties. The situation is now rapidly changing, 
and this brings beautiful new dimensions into 
graphene research. 

Last year, the first measurements of graphene’s 
mechanical and thermal properties were reported. 
It exhibits a breaking strength of ~40 N/m, reaching 
the theoretical limit (33). Record values for room- 
temperature thermal conductivity (~5000 Wm! K"') 
(34) and Young’s modulus (~1.0 TPa) (33) were 
also reported. Graphene can be stretched elastically 


19 JUNE 2009 VOL 324 SCIENCE www.sciencemag.org 


by as much as 20%, more than any other crystal 
(27, 33). These observations were partially ex- 
pected on the basis of previous studies of carbon 
nanotubes and graphite, which are structurally 
made of graphene sheets. Somewhat higher val- 
ues observed in graphene can be attributed to the 
virtual absence of crystal defects in samples ob- 
tained by micromechanical cleavage. Even more 
intriguing are those findings that have no ana- 
logs. For example, unlike any other material, 
graphene shrinks with increasing 7 at all values 
of T because membrane phonons dominate in 
2D (35). Also, graphene exhibits simultaneously 
high pliability (folds and pleats are commonly 
observed) and brittleness [it fractures like glass 
at high strains (36)]. The notions constitute an 
oxymoron, but graphene combines both prop- 
erties. Equally unprecedented is the observation 
that the one-atom-thick film is impermeable to 
gases, including helium (37). When wafers be- 
come available, there should be an explosion 
of interest in (bio)molecular and ion transport 
through graphene and its membranes with de- 
signer pores. 

Speaking of non-electronic properties, we do 
not even know such basic things about graphene 
as how it melts. Neither the melting temperature 
nor the order of the phase transition is known. 
Ultrathin films are known to exhibit melting tem- 
peratures that rapidly decrease with decreasing 
thickness. The thermodynamics of 2D crystals in 
a 3D space could be very different from that of 
thin films and may more closely resemble the 
physics of soft membranes. For example, melting 
can occur through generation of defect pairs and 
be dependent on the lateral size, similar to the 
Kosterlitz-Thouless transition. Experimental prog- 
ress in studying graphene’s thermodynamic prop- 
erties has been hindered by the small sizes of 
available crystals, but the situation may change 
soon. On the other hand, theoretical progress is 
likely to remain slow because small sizes have 
also proven to be a problem in molecular dy- 
namics and other numerical approaches, which 
struggle to grasp the underlying physics when 
studying crystals of only a few nanometers in size. 


Grandeur and Plainness 


Potential applications of graphene were discussed 
in (2) and, during the past 2 years, substantial 
progress has been made along many lines. The 
major difference between now and then is the ad- 
vent of mass production technologies for graphene. 
This has changed the whole landscape by making 
the subject of applications less speculative and 
allowing the development of new concepts un- 
imaginable earlier. 

Most of the current buzz surrounds graphene’s 
long-term prospects in computer electronics. Im- 
mediate, but often mundane, applications are least 
discussed and remain unnoticed even within parts 
of the graphene community. An extreme example 
of popular speculations is an idea about graphene 
becoming the base electronic material “beyond 
the Si age.” Although this possibility cannot be 


www.sciencemag.org SCIENCE VOL 324 


REVIEW 


Fig. 4. From dreams to reality. (A) Graphene nanoribbons of sub-10-nm scale exhibit the transistor 
action with large on-off ratios (22, 25). Scanning electron micrograph shows such a ribbon made 
by electron-beam lithography (22). Control of such a ribbon’s width and its edge structure with 
atomic precision remains a daunting challenge on the way toward graphene-based electronics. (B) 
All the fundamentals are in place to make graphene-based HEMTs. This false-color micrograph 
shows the source and drain contacts in yellow, two top gates in light gray, and graphene 
underneath in green (38). [Courtesy of Y. Lin, IBM] (C) Graphene-based NEMS. Shown is a drum 
resonator made from a 10-nm-thick film of reduced graphene oxide, which covers a recess in a Si 
wafer (32). (D) Ready to use: Graphene membranes provide an ideal support for TEM. The central 
part is a monolayer of amorphous carbon. Graphene itself shows on this image only as a gray 
background (see the top part). Carbon atoms in the amorphous layer appear dark and make a 
random array of pentagons, hexagons, and heptagons, as indicated by color lines. Individual oxygen 
atoms clearly visible on graphene were also reported (36). [Courtesy of J. C. Meyer, A. Chuvilin, and 


U. Kaiser, University of Ulm] 


ruled out, it is so far beyond the horizon that it 
cannot be assessed accurately. At the very least, 
graphene-based integrated circuits require the con- 
ducting channel to be completely closed in the 
off state. Several schemes have been proposed 
to deal with graphene’s gapless spectrum and, 
recently, nanoribbon transistors with large on-off 
current ratios at room temperature were demon- 
strated (22, 25) (Fig. 4A). Nonetheless, the pros- 
pect of “graphenium inside” remains as distant as 
ever. This is not because of graphene shortfalls, 
but rather because experimental tools to define 
structures with atomic precision are lacking. More 
efforts in this direction are needed, but the progress 
is expected to be painstakingly slow and to de- 
pend on technological developments outside the 
research area. 

An example to the contrary is the use of 
graphene in transmission electron microscopy 
(TEM). It is a tiny niche application, but it is 
real. Single-crystal membranes, one atom thick 
and with low atomic mass, provide the best imag- 
inable support for atomic-resolution TEM. With 
micrometer-sized crystallites now available in so- 


lution (5) for their cheap and easy deposition on 
standard grids and with films transferable from 
metals (9, /0) onto such grids, graphene mem- 
branes are destined to become a routine TEM 
accessory (Fig. 4D). 

The space between graphene dreams and im- 
mediate reality is packed with applications. One 
such application is neither grand nor mundane: 
individual ultrahigh-frequency analog transistors 
(Fig. 4B). This area is currently dominated by 
GaAs-based devices known as high-electron- 
mobility transistors (HEMTs), which are widely 
used in communication technologies. Graphene 
offers a possibility to extend HEMTs’ operational 
range into terahertz frequencies. The fundamen- 
tals allowing this are well known: Graphene ex- 
hibits room-temperature ballistic transport such 
that the charge transit between source and drain 
contacts takes only 0.1 ps for a typical channel 
length of 100 nm. Gate electrodes can be placed 
as close as several nanometers above graphene, 
which allows shorter channels and even quicker 
transit. Although graphene’s gapless spectrum 
leads to low on-off ratios of 10 to 100, they are 
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considered sufficient for the analog electronics. 
The progress toward graphene HEMTs is hin- 
dered by experimental difficulties in accessing 
the microwave range. The first frequency tests 
of graphene transistors were reported only re- 
cently (38). Long channels and low mobility in 
these experiments limited the cutoff frequen- 
cies to less than 30 GHz (38), well below the 
operational range of GaAs-based HEMTs. How- 
ever, the observed scaling of the operational 
frequency as a function of the channel length 
and u indicates that the terahertz range is ac- 
cessible (38). With graphene wafers in sight, 
these efforts are going to intensify, and HEMTs 
and other ultrahigh-frequency devices such as 
switches and rectifiers have a realistic chance 
to reach the market. 


Sitting on a Graphene Mine 


There has been an explosion of ideas that sug- 
gest graphene for virtually every feasible use. 
This is often led by analogies with carbon nano- 
tubes that continue to serve as a guide in search- 
ing for new applications. For example, graphene 
powder is considered to be excellent filler for 
composite materials (6). Reports have also been 
made on graphene-based supercapacitors, bat- 
teries, interconnects, and field emitters, but it 
is too early to say whether graphene is able to 
compete with the other materials, including nano- 
tubes. Less expectedly, graphene has emerged 
as a viable candidate for use in optoelectronics 
(10, 39). Suspensions offer an inexpensive way 
to make graphene-based coatings by spinning 
or printing (Fig. 1B). An alternative is the trans- 
fer of films grown on Ni (9, /0). These coatings 
are often suggested as a competitor for indium 
tin oxide (ITO), the industry standard in such 
products as solar cells, liquid crystal displays, 
etc. However, graphene films exhibit resistivity 
of several hundred ohms for the standard trans- 
parency of ~80% (9, /0, 39). Such resistivity is 
two orders of magnitude higher than for ITO 
and is unacceptable in many applications (e.g., 
solar cells). It remains to be seen whether the 
conductivity can be improved to the required 
extent. Having said that, graphene coatings also 
offer certain advantages over ITO. They are 
chemically stable, robust, and flexible and can 
even be folded, which gives them a good chance 
of beating the competition in touch screens and 
bendable applications. 

There is also fast-growing interest in graphene 
as a base material for nanoelectromechanical 
systems (NEMS) (32, 40), given that lightness 
and stiffness are the essential characteristics sought 
in NEMS for sensing applications. Graphene- 
based resonators offer low inertial masses, ul- 
trahigh frequencies, and, in comparison with 
nanotubes, low-resistance contacts that are es- 
sential for matching the impedance of external 
circuits. Graphene membranes have so far shown 
quality factors of ~100 at 100-MHz frequencies 
(40). Even more encouraging are data for drum 
resonators made from reduced graphene oxide 


films (32). These nanometer-thick polycrys- 
talline NEMS (Fig. 4C) exhibit high Young’s 
moduli (comparable to those of graphene) and 
quality factors of ~4000 at room temperature. 
The films can be produced as wafers and then 
processed by standard microfabrication tech- 
niques. Further developments (increasing the 
frequency and improving quality factors) should 
allow graphene NEMS to assail such tanta- 
lizing challenges as inertial sensing of indi- 
vidual atoms and the detection of zero-point 
oscillations. 

Among other applications that require men- 
tioning are labs-on-chips (electronic noses) and 
various resistive memories. The high sensitivity 
of graphene to its chemical environment is well 
acknowledged, now that sensors capable of de- 
tecting individual gas molecules have been dem- 
onstrated (29). Imagine an array of graphene 
devices, each functionalized differently to be able 
to react to different chemicals or biomolecules. 
Such functionalization has been intensively re- 
searched for the case of carbon nanotubes, and 
graphene adds the possibility of mass-produced 
arrays of identical devices. Furthermore, there 
are several enticing reports on nonvolatile mem- 
ories in which graphene-based wires undergo 
reversible resistance switching by, for example, 
applying a sequence of current pulses (4/7, 42). 
The underlying mechanism remains largely 
unknown, but such nanometer-scale switches 
present an attractive alternative to phase-change 
memories and deserve further attention. Reports 
on graphene-ferroelectric memories (43) are also 
encouraging, given the basic simplicity of their 
operation. 


More Room in the Flatland 


Graphene has rapidly changed its status from 
being an unexpected and sometimes unwelcome 
newcomer to a rising star and to a reigning cham- 
pion. The professional skepticism that initially 
dominated the attitude of many researchers with 
respect to graphene applications is gradually 
evaporating under the pressure of recent devel- 
opments. Still, it is the wealth of new physics— 
observed, expected, and hoped for—that is 
driving the area for the moment. Research on 
graphene’s electronic properties is now matured 
but is unlikely to start fading any time soon, 
especially because of the virtually unexplored 
opportunity to control quantum transport by strain 
engineering and various structural modifications. 
Even after that, graphene will continue to stand 
out in the arsenal of condensed matter physics. 
Research on graphene’s non-electronic properties 
is just gearing up, and this should bring up new 
phenomena that may well sustain, if not expand, 
the graphene boom. 
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Sexual Intercourse Involving Giant 
Sperm in Cretaceous Ostracode 


R. Matzke-Karasz,)* R. J. Smith,” R. Symonova,? C. G. Miller,* P. Tafforeau® 


abundantly preserved arthropods in the fos- 

sil record dating from at least the Ordovi- 
cian (450 million years ago) (/). 
However, their body and append- 
ages are only rarely preserved. 
One example of high-quality soft 
parts preservation is Harbinia 
micropapillosa (Bate, 1972) (2) 
(Cyprididae, Cypridoidea) from 
the Cretaceous Santana Forma- 
tion of Brazil. Because scanning 
electron microscopy (3) cannot 
view internal features, we per- 
formed holotomography of five 
H. micropapillosa specimens, three 
males and two females, revealing 
the morphology of their internal 
reproductive system. 

We compared submicrometer 
inline quantitative phase x-ray 
synchrotron tomography (holoto- 
mography) (4) on the beamline 
ID19 of the ESRF (Grenoble, 
France) on specimens of 1. micro- 
papillosa and of the extant species 
Eucypris virens (Jurine, 1820) (5). 
Phase contrast—based microtomo- 
graphic techniques have been ap- 
plied to nondestructively image 
microfossils (6), but application 
of phase retrieval on dense and 
complex fossils is a recent and 
powerful approach in paleontol- 
ogy (4). Extant cypridoidean os- 
tracodes possess an intricate 
reproductive system comprising 
about a third of the volume of the 
body. In both genders, the reproductive organs are 
divided into two separately functioning systems on 
both sides of the body. The males have two large 
sperm pumps (Zenker organs), modified from the 
posterior section of the vas deferens (fig. S1A). 
The females possess epithelial recipients (seminal 
receptacles) at the end of long ducts originating in 
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the two vaginal openings. Empty seminal recep- 
tacles of virgin females are folded up; the volume 
of transferred sperm gives the receptacles their 


Fig. 1. Partial reconstruction of F. virens (extant) and H. micropapillosa (fossil). 1 
Anterior is to the left. Orange structures indicate central tubes of Zenker organs in 
males or seminal receptacles in females; brown, esophagus; turquoise, mandible; 
purple, upper lip; pink, lower lip; green, valves; and gray scales, whole-body recon- 
struction. All scale bars indicate 100 um. (A) Lateral view of male £. virens with 3) 
several organs included for comparison. (B) Male H. micropapillosa in lateral view 

with several organs in context of whole-body reconstruction. (C and D) Ventral views 4. 
of several organs including tubes of Zenker organs of male H. micropapillosa. (E) 
Lateral view of female £. virens with several organs included for comparison. (F) 
Female H. micropapillosa in lateral view with several organs in context of whole-body 6 
reconstruction, including seminal receptacles. 


shape and size after mating. These specialized 
reproductive systems are required for maneu- 
vering the giant sperm: aflagellate, but filiform 
sperm cells. Sperm lengths range across species 
from several hundred micrometers to millimeters 
and thus are often longer than the ostracodes 
themselves (fig. S1, B and C). Their resistant 
sheaths allow fossil sperm to be recovered from 
5000-year-old ostracodes from Neolithic exca- 
vations (7). 

Three-dimensional processing of holotomo- 
graphic data (movies S1 to S3) revealed that three 
male specimens of H. micropapillosa contained 
paired hollow tubes in the posterior part of the 
body (Fig. 1, B to D) suggestive of Zenker organs. 
Two female specimens had paired cavities near the 


midpoint of the body (Fig. 1F), corresponding 
to the seminal receptacles in recent Cyprididae 
(Fig. 1E), which are only known from ostracodes 
reproducing with giant sperm. The receptacles 
must have been filled with sperm in order to be 
preserved as two cavities. Thus, giant sperm 
had developed in cypridoidean ostracodes by 
~100 million years ago. 

Reproduction with giant sperm, mainly studied 
in Drosophila species, occurs in distinct groups 
scattered over the animal kingdom. The influence 
of different selection pressures on this character 
has been examined, but its long-term stability 
was unknown. In spite of poten- 
tial costs, this trait appears to be 
long-lived even in geological time 
scales. The wide occurrence of 
giant sperm in living members of 
suborder Cypridocopina, coupled 
with our fossil evidence, suggests 
that it evolved only once in the 
group, unlike in Drosophila (8). 
Given that sperm size provides an 
assay “for comparative analyses 
of the strength of sexual selec- 
tion in ... species without post- 
mating parental investment” (9), 
the persistence of reproduction 
with giant sperm through geo- 
logical time may add a criterion 
to test for the pressure of sexual 
selection with holotomography 
recovering data from the past 
through exceptionally preserved 
(micro)fossils. 
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Synapse- and Stimulus-Specific 
Local Translation During Long-Term 


Neuronal Plasticity 
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Long-term memory and synaptic plasticity require changes in gene expression and yet can occur 

in a synapse-specific manner. Messenger RNA localization and regulated translation at synapses are 
thus critical for establishing synapse specificity. Using live-cell microscopy of photoconvertible 
fluorescent protein translational reporters, we directly visualized local translation at synapses during 
long-term facilitation of Aplysia sensory-motor synapses. Translation of the reporter required multiple 
applications of serotonin, was spatially restricted to stimulated synapses, was transcript- and 
stimulus-specific, and occurred during long-term facilitation but not during long-term depression of 
sensory-motor synapses. Translational regulation only occurred in the presence of a chemical synapse 
and required calcium signaling in the postsynaptic motor neuron. Thus, highly regulated local 
translation occurs at synapses during long-term plasticity and requires trans-synaptic signals. 


ticity requires transcription for its per- 

sistence (/—3) and yet can occur in a 
synapse-specific manner (4-7). One mechanism 
that has been proposed to mediate this spatial 
restriction of gene expression during neuronal 
plasticity involves regulated translation of local- 
ized mRNAs at stimulated synapses ($10). Many 
findings support the existence of local trans- 
lation at synapses. First, all of the machinery 
required for translation is present in neuronal 
processes, including polyribosomes (//, /2), 
translation factors (/3), and a select popula- 
tion of mRNAs (/4—/8). Second, studies using 
protein synthesis inhibitors indicate a central 
role for local translation during long-lasting 
synaptic plasticity (5, 79, 20). Third, translation 
of specific transcripts has been visualized in 
dendrites of cultured neurons after stimulation 
with brain-derived neurotrophic factor (BDNF) 
(21) or KCI (22), or after inhibition of sodium 
channels, N-methyl-p-aspartate receptor, or 
the mammalian target of rapamycin (mTOR) 
signaling pathway (9, 23, 24). However, direct 
evidence that a specific mRNA undergoes spa- 


Les learning-related synaptic plas- 
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tially restricted translation at stimulated synapses 
during transcription-dependent synaptic plastic- 
ity has been lacking. 

To directly visualize translation at the level of 
individual synapses during long-term, learning- 
related neuronal plasticity, we used the Aplysia 
sensory neuron (SN)}-motor neuron (MN) culture 
system (2). The monosynaptic connection formed 
between SNs and MNs, a central component of 
the gill-withdrawal reflex in Aplysia, can be re- 
constituted in culture, where well-characterized 
stimuli elicit forms of plasticity that have direct 
correlates in the behavior of the animal. Specifical- 
ly, five spaced applications of serotonin (SXSHT) 
induce a transcription-dependent long-term fa- 
cilitation (LTF) of SN-MN synapses that paral- 
lels long-term sensitization of the gill-withdrawal 
reflex (2), whereas five spaced applications of the 
neuropeptide FMRFamide (SXFMRFamide) in- 
duce a transcription-dependent long-term depres- 
sion (LTD) of SN-MN synapses that parallels 
long-term habituation of the gill-withdrawal reflex 
(25, 26). Synapse-specific, transcription-dependent 
LIF of SN-MN synapses is blocked by perfusion 
of translational inhibitors to distal SN neurites (5). 
Furthermore, SNs only form chemical synapses 
with appropriate target MNs (27, 28), allowing 
local translation to be studied in the presence or 
absence of synapses. 

Sensorin translational reporter. To monitor 
translation at SN-MN synapses during neuronal 
plasticity, we generated translational reporters 
of sensorin, a SN-specific peptide neurotrans- 
mitter whose mRNA localizes to distal neuro- 
nal processes and concentrates at synapses in 
SNs paired with MNs (/5, 27, 29). Sensorin 
translation is required for synapse stabiliza- 
tion between SNs and MNs (27, 30), and both 
sensorin translation and secretion are required 
for SHT-induced LTF of Aplysia SN-MN synapses 


(31). To generate sensorin translational reporters, 
we fused the 5’ and 3’ untranslated regions (UTRs) 
of sensorin to the coding region of the photo- 
convertible fluorescent protein dendra2 (32). 
Dendra2 switches fluorescence irreversibly from 
green to red after ultraviolet (UV) illumination, 
allowing newly synthesized proteins (green) to 
be differentiated from proteins synthesized be- 
fore photoconversion (red). Addition of the 5’ 
and 3’UTRs of sensorin to the dendra2 coding 
sequence generated a reporter whose mRNA 
localization was indistinguishable from endoge- 
nous sensorin mRNA (Fig. 1A and figs. S1 and 
S2). Specifically, the reporter mRNA localized 
to neurites of isolated SNs and concentrated at 
SN-MN synapses as indicated by ectopic la- 
beling of presynaptic terminals by expression of 
vesicle-associated membrane protein (VAMP)- 
mCherry and labeling of MNs with Alexa647 
(Fig. 1B). Reporters containing either the 3° UTR 
or the 5’'UTR alone revealed that the 3,’ UTR was 
sufficient for localization to neurites, whereas 
addition of the 5'UTR was required for target- 
ing to synapses (fig. S2). Thus, distinct cis-acting 
elements mediate neuritic and synaptic mRNA 
localization. 

To visualize local translation of the reporter 
during LTF induced by bath application of SXSHT, 
we expressed the reporter in SNs paired with 
MNs, removed the SN soma, and photoconverted 
dendra2 (figs. S1 and S3) and (33). Newly syn- 
thesized protein (green) had to result from 
local translation in the neurite because the soma 
was no longer present. Although 5XSHT induces 
transcription-dependent LTF, 24 hours (but not 
48 hours) facilitation occurs in a translation- 
dependent manner in the absence of a SN soma, 
indicating that the initial events involved in per- 
sistent LTF can be monitored in SNs lacking cell 
bodies (34). We imaged red and green chan- 
nels before the first application and immedi- 
ately after the fifth application of SHT. Control 
cultures were stimulated with five applications 
of vehicle [5X artificial seawater (ASW)] or were 
untreated. Very little green signal, but robust red 
signal, was detected after UV illumination, indi- 
cating efficient photoconversion (Fig. 2A). After 
the fifth pulse of SHT, green dendra2 signal in- 
creased at multiple sites within the neurite, and 
this was completely blocked by the translational 
inhibitor anisomycin (10 uM) (Fig. 2B and fig. 
S4). Modest increases in green dendra2 fluores- 
cence were observed in control cultures after ap- 
plication of SXASW, which were also blocked 
by anisomycin (10 uM) (Fig. 2B and fig. S4). 
This modest increase in green dendra2 fluores- 
cence represents basal translation because it was 
also observed in untreated cultures (Fig. 2B and 
fig. S4). Immediately after imaging, we fixed the 
cells and performed fluorescence in situ hybrid- 
ization (FISH) for the reporter mRNA. A total of 
143 of 147 (97%) sites with new translation 
contained concentrated reporter mRNA. Thus, 
the subcellular localization of new translation 


19 JUNE 2009 VOL 324 SCIENCE www.sciencemag.org 


correlated with the subcellular localization of 
reporter mRNA with remarkable accuracy. Be- 
cause the reporter mRNA specifically concen- 
trated in VAMP-positive synapses (Fig. 1 and 
fig. S2) (27), we conclude that the reporter was 
translated at synapses. 

We quantified new translation as AF/F 
(x 100 =% change), normalized to the red dendra2 
signal (which serves as a volume control) (33) 
(Fig. 2B). When stimuli were applied in the 
presence of anisomycin, there was no significant 
change in green signal, and thus no translation 
(2.3 + 3.4% for Ani+SXASW; -8.9 + 4.9% for 
Anit5X5HT). In untreated or vehicle-treated cul- 
tures, we observed a 41.2 + 3.7% and 43.5 + 
3.6% increase in translation. After stimulation 
with SX5HT, we observed a 155.9 + 18.7% in- 
crease in translation. Thus, a basal level of sensorin 
translation occurs in neurites, which is signifi- 
cantly increased after stimuli that induce LTF 


Fig. 1. Translation ree A 
porter mRNA colocalizes At 
with endogenous sensorin 
mRNA at synapses. (A) 
Colocalization of 5’3’UTR 
sensorin reporter mRNA 
and endogenous sensorin 
mRNA. Expression vec- 
tors encoding the con- 
trol (CtrlUTR) or sensorin 
(5'3’UTR) translational re- 
porter were microinjected 
into DIV2 Aplysia SNs 
(isolated or paired with 
MNs). Cultures were fixed 
48 hours later and pro- 
cessed for double-label 
FISH using digoxigenin 
(DIG)—labeled dendra2 
riboprobes and_biotin- 
labeled sensorin ribo- 
probes. Representative 
confocal images of differ- 
ential interference contrast 
(DIlC)/merged (A1, 2, 7, 
and 8), dendra reporter 
mRNA in red (A3, 5, 9 
and 11), and endogenous B 
sensorin mRNA in green 
(A4, 6, 10, and 12). FISH 
signals are shown in iso- 
lated SNs (A1, 3, 4, 7, 9, 
and 10) and in SNs paired 
with MNs (A2, 5, 6, 8, 11, 
and 12). Scale bar, 50 ,m. 
Colocalization was quan- 


Merged 


5’3’UTR-SN CtrlUTR-SN-MN CtrlUTR-SN 


5’3’°UTR-SN-MN 


Dendra+VAMP+Dye 


tified as colocalization = 
coefficient (0, no colocal- a 
ization; 1, perfect colocal- © 5 
ization). (B) VAMP-mCherry s 


and reporter were coex- 
pressed in SN; MN was 


a 
_— 


(***P < 0.001, ANOVA with Bonferroni’s mul- 
tiple comparison test). 

Spatial specificity of translation. To deter- 
mine the spatial specificity of stimulus-induced 
local translation, we perfused SXS5HT locally 
onto a subset of synapses (Fig. 3 and figs. S5 and 
S6). This protocol produces synapse-specific LTF 
of SN-MN synapses (5, 7). Images were acquired 
from both stimulated (perfused) and unstimu- 
lated (nonperfused) sites within the same SN at 
the beginning and end of local perfusion. In 
vehicle-treated cultures, we detected modest in- 
creases in newly synthesized green dendra2 at 
both perfused and nonperfused synapses (27.4 + 
5.6% and 20.2 + 8.2%, respectively). However, 
when 5X5HT was perfused onto a subset of 
synapses, robust increases in new green dendra2 
signal were detected at stimulated sites (54.7 + 
10.9%), with only modest increases at non- 
perfused sites (16.6 + 4.9%). For each neuron, 


Reporter RNA Sensorin RNA — Colocalization 


Coefficient 


0.104 + 0.021 


0.052 + 0.017 


0.868 + 0.065 


0.970 + 0.008 


labeled with Alexa647. Synapses are detected as VAMP-mCherry-—positive varicosities contacting the MN. 
(B1) Low-magnification images of reporter protein (green), VAMP-mCherry (red), and MN (blue) with boxes 
of higher magnification images in a1 and b1. Cells were fixed after imaging and processed for reporter 


mRNA FISH in B2, a2, and b2. Scale bar, 50 um. 
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we calculated the ratio of the AF/F at the per- 
fused site to the average AF/F at nonperfused 
sites. In vehicle-treated cultures (Fig. 3D and fig. 
S7), this ratio was 1.0 + 0.1, indicating no sig- 
nificant difference between perfused and non- 
perfused sites. In contrast, in cultures locally 
perfused with SXSHT (Fig. 3A), the ratio was 
1.3 + 0.1, indicating a significant increase in new 
translation at perfused as compared with non- 
perfused sites (***P < 0.001, paired Student’s 
t test). Thus, local serotoninergic stimulation 
induced spatially restricted translation within 
an individual neuron. FISH analysis revealed 
equivalent reporter mRNA at all synapses un- 
der all conditions (Fig. 3 and figs. S7 and S10). 
No significant difference in basal translation 
was observed at nonperfused synapses between 
SXASW and 5XSHT groups (fig. S10). Finally, 
5X5HT did not induce significant structural 
changes between the initial and final imaging 
times (fig. S6). 

Stimulus specificity. Five spaced applications 
of the peptide neurotransmitter FMRFamide 
produce transcription-dependent LTD of Aply- 
sia SN-MN synapses, and local perfusion of 
S5XFMRFamide has been shown to produce 
synapse-specific LTD (35). To ask whether the SHT- 
induced translation of the reporter was stimulus- 
specific, we locally perfused SXFMRFamide 
and monitored reporter translation. The ratio of 
translation between SXFMRFamide perfused 
and nonperfused sites was 1.0 + 0.1, indicating 
that FMRFamide did not stimulate sensorin 
translation (Fig. 3C), consistent with previous 
studies (36). In addition, one application of SHT 
(1X5HT), which induces translation-independent 
STF (short-term facilitation), did not stimulate 
translation (Fig. 3D and figs. S8 and S10). Basal 
levels of translation at nonperfused synapses, and 
concentrations of reporter RNA were equivalent 
to those in cultures locally perfused with SXSHT 
or SXASW (Fig. 3 and figs. S7 and S10). Thus, 
translational regulation of the sensorin reporter is 
stimulus-specific. 

Transcript specificity. Global translation in 
sensory neurites increases by a factor of 3 in 
response to SHT (5). To determine whether SHT 
stimulates global increases in translation in neu- 
rites, or whether it regulates translation of a 
specific subset of transcripts, we constructed a 
reporter containing the 3'UTR of sensorin (and 
5'UTR of SV40), which localized to distal sen- 
sory neurites and is present but not concentrated 
in synapses (fig. S2). We expressed this reporter 
in SNs making synapses with MNs and asked 
whether local perfusion of SXSHT stimulated 
its translation. We did not detect any increase in 
translation of this reporter at synapses stim- 
ulated with SX5HT (ratio of AF/F at perfused 
versus nonperfused sites = 1.0 + 0.1) (Fig. 3). 
The 3'UTR reporter was present in SN processes, 
and translation was quantified at sites contain- 
ing equivalent amounts of 3'UTR or 5'3'UTR 
reporter (fig. S10). Thus, 5SHT does not regulate 
the translation of all process-localized mRNAs. 
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A Pre-UV Post-UV B Fig. 2. Bath application 
‘GL ; ———— of 5X5HT stimulates trans- 
— lation of reporter mRNA 
S ue at synapses. Sensorin trans- 
o 150 lational reporter was ex- 

oO . . 
x 125 pressed in Aplysia SNs 
ie cocultured with MNs, the 
uw 100 SN soma was removed, 
Pre-5X5HT Post-5XSHT RNA aa sie an ieiliee Wey Oho 
A = 50 —— toconverted from green 
@ to red throughout the 
= g§ % neuronal arbor. (A) (A1) 
= 5B 0 Low-magnification image 
s ~ 95 Basal SXASW AnitSXASW 5XSHT AniwexsHT % dendra-reporter SN-MIN 
(n=18/138) (n=13/105) — (n=7/30) (n=20/109) — (n=7/40) coculture. The dashed cir- 
cle outlines the removed 

AG Ay soma. (A2 and A3) High- 

magnification DiC/merged image of area in the red box in A1, before A2 and after A3 UV photoconversion. 
© (A4 and A5) Green dendra2 signal after photoconversion, before A4 and after A5 serotonin stimulation 
z (5X5HT). Lack of green dendra2 indicates efficient photoconversion; new green dendra2 reveals significant 
8 new translation after 5X5HT. (A6é and A7) Photoconverted red dendra2 signal before A6é and after A7 5X5HT 
shows SN volume. (A8) Cells were fixed at the end of the experiment and processed for FISH with antisense 
dendra2 riboprobes. Arrowheads in A5 and A8 point to the sites of new (green) dendra2 protein synthesis 
colocalizing with reporter mRNA clusters. Scale bar, 50 um. See fig. $4 for Basal, 5XASW, Ani+5X5HT, and 
Ani+5XASW results. (B) Quantification of new translation as AF/F, ***P < 0.001, ANOVA and Bonferroni multiple comparison test. 
ASTUTE Perfusion Post D 53/UTR 3UTR 
r : | - 
3| 3 
MN : 8) 1.25 
L] g|2 
1 uw} 2 
P. 7 5XFMRFa 5XASW 
=| 4 1X5HT 5X5HT 5X5HT 
Bray . 
pera ch ae (n=9) (n=9) (n=9) (n=) (n=7) 
MN gf 
SN “ise - = Fig. 3. Synapse-, stimulus- and transcript-specific translation. Sensorin trans- 
ars 5 lational reporter was expressed in SNs paired with MNs, SN soma was 
: 1 removed, and dendra2 was UV-photoconverted from green to red. Stimuli 
— were locally applied to subsets of SN-MN synapses using perfusion elec- 
' trodes (see fig. $3). (A to C) Low-magnification image of dendra2-reporter— 
expressing coculture. Dashed circle indicates removed SN soma; blue 
arrowheads indicate direction of perfusion; black squares denote regions 
C3uTR imaged before and after local perfusion; white squares denote imaged 
E nonperfused regions. (A to C, panels 1 to 4) Pseudocolored images of green 
A dendra2 signal after photoconversion and before (pre) and after (post) local 
6 perfusion. (A to C, panels 5 and 6) Reporter mRNA FISH images. Arrowheads 
- in A2 and A5 point to new translation colocalizing with reporter mRNA. (A) 
i 5’3’UTR reporter, local perfusion of 5XSHT. (B) 5’3’UTR reporter, local perfusion 
1 of 5XFMRFamide. (C) 3’UTR, local perfusion of 5X5HT. See figs. S6 to $9 for 
ia images of pre-UV green and post-UV red photoconverted dendra2 signal, 
> 5XASW controls, and 1X5HT stimulation. Scale bar, 50 um. (D) Quantification 
LIN : of translational stimulation as ratio of AF/F at perfused compared with non- 
HEHE perfused sites reveals that translation occurs only with SX5HT. ***P < 0.0001, 
° 60 Wilcoxon-Mann Whitney test (also see fig. $10 for group data). 

Translational regulation requires a synapse. of SXSHT did not increase translation of the re- cultured SNs with a nontarget MN, L11, with 
We next investigated the role of synaptic connec- _ porter in isolated SNs (ratio of perfused to non- _ which SNs fasciculate but do not make chemical 
tivity in translational regulation by SHT. Specif- perfused = 1.0 + 0.1), despite abundant reporter synapses (27, 28). Local perfusion of SXSHT 
ically, we asked whether local perfusion of SXSHT mRNA (Fig. 4 and fig. S11). Notably, basal trans- did not increase reporter translation (ratio of per- 
stimulated translation of the reporter in isolated lation of the reporter in isolated SN was not sig- fused to nonperfused sites = 1.0 + 0.1) (Fig. 4). 
SNs (which do not form chemical synapses) or in nificantly different from basal translation in SNs_ Reporter mRNA was localized at perfused sites 
SNs paired with a nontarget MN, with which it paired with MNs (figs. S12 and S13). To further (Fig. 4 and fig. $13), and basal translation of the 
does not form chemical synapses. Local perfusion test the requirement for chemical synapses, we _ reporter did not differ from that in SNs paired with 
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Post RNA 


Pre 


Perfusion Fig. 4. Local stimulation 


with 5X5HT does not 
stimulate translation of 
sensorin reporter in iso- 
lated SNs or in SNs paired 
with nontarget MNs. 
Sensorin translational re- 
porter was expressed in 
(A) isolated Aplysia SNs, 
or (B) SNs cocultured with 
nontarget L11 MNs. Local 
perfusion of 5XS5HT was as described in Fig. 3. (A and B) Low-magnification 
image of dendra2-reporter expressing SNs. Dashed circle indicates removed 
soma; blue arrowheads indicate direction of perfusion; black squares denote 
regions imaged before and after local perfusion; white squares denote imaged 
nonperfused regions. (A and B, panels 1 to 4) Pseudocolored images of green 
dendra2 signal after photoconversion and before (pre) and after (post) local 
perfusion. (A and B, panels 5 and 6) Reporter mRNA FISH. See fig. $9 for 
images of red photoconverted dendra2 signal. Scale bar, 50 um. (C) Quan- 
tification of translation as ratio of AF/F at perfused compared with nonperfused 
sites reveals no increase in translation with either 5X5HT or SXASW (Wilcoxon- 
Mann-Whitney test; also see group data and RNA intensity quantification in 
fig. $13). 
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Perfusion Fig. 5. Calcium signaling in motor 
neuron is required for SHT-induced 
translation of reporter in sensory neu- 
ron. Sensorin translational reporter was 
expressed in Aplysia SNs cocultured 
with target LFS MNs. The SN soma was 
removed, either vehicle (A) or BAPTA 
(50 mM) (B) was microinjected into the 
MN, dendra2 was photoconverted, and 
5X5HT was locally perfused. (A and B) 
Low-magnification image of dendra2-reporter expressing coculture. Dashed 
circle indicates removed soma; blue arrowheads indicate direction of perfusion; 
black squares denote regions imaged before and after local perfusion; white 
squares denote imaged nonperfused regions. (A and B, panels 1 to 4) 
Pseudocolored images of green dendra2 signal after photoconversion and before 
(pre) and after (post) local perfusion. (A and B, panels 5 and 6) Reporter mRNA 
FISH images. See fig. $13 for images of pre-UV and photoconverted dendra2 
signal. Scale bar, 50 um. (C) Quantification of translation as ratio of AF/F at 
perfused compared with nonperfused sites reveals that BAPTA injection into the 
MN blocks 5HT-induced translation in the SN (***P < 0.0005, f test). 
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target MNs (figs. S12 and S13). Thus, SHT stim- 
ulates sensorin reporter translation only in the con- 
text of a chemical synapse. 

Translational regulation requires postsynaptic 
calcium. To begin to explore the nature of the trans- 
synaptic signal provided by the MN, we asked 
whether it involved calcium signaling in the post- 
synaptic compartment. To do so, we microinjected 
the membrane-impermeable calcium chelator 1,2- 
Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic 
acid tetrakis (BAPTA) (50 mM) into the MN and, 
1 to 2 hours later, monitored reporter translation 
induced by SXSHT in the SN. BAPTA injection 
blocks LTF of SN-MN synapses as well as increases 
in sensorin immunoreactivity in the SN, without 
affecting basal synaptic transmission (37). Calctum 
imaging (with Fluo-4) confirmed that BAPTA in- 
jection blocked depolarization-induced increases 
in intracellular calcium in the MN; FISH analysis 
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revealed that it did not alter endogenous sensorin 
or reporter mRNA localization (fig. S14). BAPTA 
injection, however, completely blocked SHT- 
induced translation of the reporter in the SN (ratio 
of AF/F at perfused versus nonperfused sites = 
1.0 + 0.0) (Fig. 5 and fig. S15). Vehicle injection 
into the MN did not inhibit translation in the SN 
(ratio of AF/F at perfused versus nonperfused sites = 
1.2 + 0.0) (Fig. 5 and fig. S16). Thus, a calcitum- 
dependent trans-synaptic signal is required for 
translational regulation of the reporter in the pre- 
synaptic neuron by SHT. 

Our results provide direct evidence that local 
translation occurs at synapses in response to stimuli 
that induce transcription-dependent, learning-related 
synaptic plasticity. Spatially restricted translation 
and release of sensorin may function to spatially re- 
strict the growth and/or stabilization of new synaptic 
growth and to thereby promote LTF precisely at 


the stimulated sites (5, 27, 3/). Our results provide 
a number of additional insights into the regulation 
of local translation in neurons. First, translational 
regulation of the reporter is stimulus-specific, oc- 
curring during SHT-induced LIF but not during 
FMRFamide-induced LTD. Second, SHT does 
not regulate translation of all localized transcripts 
(because translation of the 3’'UTR reporter is not 
stimulated), indicating that translational regula- 
tion is transcript-specific. Finally, stimulus-induced 
translation of the reporter requires calcium sig- 
naling in the postsynaptic MN, suggesting that 
a trans-synaptic retrograde signal is required for 
the regulation of local translation during neuro- 
nal plasticity. 
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Solar-Like Oscillations in a 
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Seismology of stars provides insight into the physical mechanisms taking place in their interior, 
with modes of oscillation probing different layers. Low-amplitude acoustic oscillations excited by 
turbulent convection were detected four decades ago in the Sun and more recently in low-mass 
main-sequence stars. Using data gathered by the Convection Rotation and Planetary Transits 
mission, we report here on the detection of solar-like oscillations in a massive star, V1449 Aql, 
which is a known large-amplitude (8 Cephei) pulsator. 


tars burn hydrogen into helium through 

nuclear fusion during most of their life. 

Once the central hydrogen gets exhausted, 
the helium core starts contracting, and hydrogen- 
shell burning takes over as the main energy source. 
The subsequent evolution depends mostly on a 
star’s mass at birth but also on the physical mech- 
anisms occurring during the hydrogen-burning 
phase. For instance, transport of chemical ele- 
ments determines the helium core size, which is 
crucial for the evolution of stars. Transport pro- 
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cesses such as turbulence and those induced by 
rotation are not fully understood and are still 
poorly modeled, but stellar seismology can pro- 


Fig. 1. Fourier spectrum 6x10° 
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vide important constraints provided that the modes 
that probe the relevant regions are excited, de- 
tected, and identified. This will be the case for stars 
oscillating over a large range of oscillation modes 
probing different layers of the star. 

Here, we report on the detection of solar-like 
oscillations (high-frequency acoustic modes that 
are damped but excited by turbulent convection 
and probe superficial convective regions) in a 
10-solar mass star, V1449 Aq], already known to 
be a 6 Cephei (it oscillates on unstable low- 
frequency modes of high amplitude, also re- 
ferred to as opacity-driven modes, which probe the 
deepest regions of stars) (7). 

The largest-amplitude mode in the Fourier 
spectrum of V1449 Aq has been detected from 
the ground (/, 2) at a frequency of 63.5 Hz. Those 
pulsations are excited by a thermal instability known 
as the k-mechanism (3), which in the present case 
is related to the existence of an iron-opacity bump 
located in the upper layers of massive stars. The 
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in this frequency domain then makes the deciphering of unstable versus stable modes quite delicate. Hence, to 
remain conservative we restrict the discussion to frequencies above 100 Hz. 


19 JUNE 2009 VOL 324 SCIENCE www.sciencemag.org 


iron-opacity bump in such a massive star induces 
the existence of a convective zone in the upper 
layers (4), which could be responsible for the ex- 
citation of the detected modes. 

Our results are based on the quasi-uninterrupted 
(meaning, a duty cycle of 90%) light curve obtained 
over 150 days with the Convection Rotation and 
Planetary Transits (CoRoT) (5—7) Centre National 
d'Etudes Spatiales (CNES) space mission (Fig. 1). 
The dominant opacity-driven mode is located at 
63.5 wHz with an amplitude of 3.9 x 10° parts per 
million (ppm). We looked for stochastically excited 
modes with frequencies above 100 Hz; below this 
limit, the existence of several opacity-driven modes 
makes the analysis more difficult. No signal is found 
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above 250 Hz. In the frequency range 100 to 
250 wHz, there are broad structures with a width 
of several uHz, with low amplitudes of hundreds 
of parts per million and well above the noise 
level, which is around | ppm. 

These structures are not the result of instru- 
mental effects [supporting online material (SOM) 
text]. To verify that they are not related to the ex- 
istence of the opacity-driven modes, we carried out 
prewhitening (SOM text), which suppresses the 
influence of the dominant peaks and their harmon- 
ics in the relevant frequency domain as well as 
related aliases because of the observational inter- 
ruptions. We validated our prewhitening method 
through numerical simulations (SOM text). 
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Fig. 2. Time-frequency diagram, using a Morlet wavelet with a 20-day width (8). (Top) Solar-like 
mode in the prewhitened light curve shown in the inset of Fig. 1, which exhibits a time-dependent 
behavior and a spreading over several Hz. (Bottom) For comparison, the second harmonic of the 
dominant peak, associated with the opacity-driven mode in the unprewhitened light curve. 


Fig. 3. Autocorrelation 
of the power-density 
spectrum associated with 
V1449 Aql. The red curve 
corresponds to the auto- 
correlation smoothed with 
a boxcar average width of 
0.60 wHz. The autocor- 
relation has been com- 
puted between 130 and 
300 Hz. The domain be- 
low 130 1Hz is not consid- 
ered to avoid the low-order 
modes, which in general 
depart from the regular 
spacing expected with the 
high-order p modes. 
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The modes associated with the broad structures 
have a finite lifetime, in contrast with opacity- 
driven modes, which are coherent oscillations 
and therefore appear as sinus cardinal functions 
in the Fourier spectrum. The amplitudes of these 
oscillations vary stochastically in time, again in 
contrast with the stationary property of the domi- 
nant opacity-driven mode and its harmonics. 
Their power is intermittent in time and dispersed 
in terms of frequency (Fig. 2). Such behavior, typ- 
ical of solar-like modes (8), confirms the stochastic 
nature of the structures. In contrast, the temporal 
behavior of the second harmonic of the funda- 
mental opacity-driven mode, which lies in the 
same frequency interval, is centered on a single 
frequency (Fig. 2, bottom). The widths of the de- 
tected high-frequency modes show that they are 
damped, which is a signature of modes excited 
by turbulent convection. 

We looked for regularly spaced patterns in the 
Fourier spectrum, which are a characteristic 
signature of those modes. An autocorrelation of 
the Fourier spectrum shows periodicities centered 
around 5, 14, and 27 wHz (Fig. 3), indicating the 
existence of periodicities in the power spectrum. 

Theoretical calculations show that these prop- 
erties, interpreted as damped acoustic modes ex- 
cited by turbulent convection, are compatible with 
solar-like oscillations of a massive main sequence 
star. We carried out numerical simulations using a 
10-solar mass stellar model that is appropriate 
for V1449 Aq] in that it corresponds to the obser- 
vational constraints obtained from ground-based 
observations (9). A comparison between the the- 
oretical and observational autocorrelations shows 
that the observed frequency spectrum is compat- 
ible with the presence of modes of angular degrees 
1=0, 1, and 2, characterized by a large frequency 
separation around 27 wHz, with 1-uwHz widths and 
a rotational splitting of 2.5 uwHz related to a 
rotation with an axis inclined by 90° with respect 
to the line of sight (SOM text). 

Mode amplitudes obtained from theoretical 
computations of the line width (/0) and the en- 
ergy supplied in the mode by turbulent convec- 
tion (//) reach several tens of parts per million, 
which is well above the CoRoT detection threshold 
and in agreement with observations. Our calcula- 
tions show that excitation by the turbulent convec- 
tive motions associated with the iron-opacity bump 
in the upper layers of the star is efficient. This 
driving is operative when the convective time scale 
of energy-bearing eddies is close to the modal pe- 
riod, which explains why modes in the frequency 
range of 100 to 250 Hz are observed. 

In summary, we showed that the broad struc- 
tures at high frequencies detected in the CoRoT 
Fourier spectrum of the star V1449 Aq] are not 
the result of instrumental effects, are indepen- 
dent of the opacity-driven modes, and present 
regularly spaced patterns that are characteristic 
of high-frequency acoustic modes. These struc- 
tures have the theoretically expected properties 
of solar-like oscillations: modes excited by turbu- 
lent convection. 
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Colloidal Quantum-Dot Photodetectors 
Exploiting Multiexciton Generation 


Vlad Sukhovatkin, Sean Hinds, Lukasz Brzozowski, Edward H. Sargent* 


Multiexciton generation (MEG) has been indirectly observed in colloidal quantum dots, both in solution 
and the solid state, but has not yet been shown to enhance photocurrent in an optoelectronic device. 
Here, we report a class of solution-processed photoconductive detectors, sensitive in the ultraviolet, 

visible, and the infrared, in which the internal gain is dramatically enhanced for photon energies Ephoton 
greater than 2.7 times the quantum-confined bandgap Epandgap: Three thin-film devices with different 
quantum-confined bandgaps (set by the size of their constituent lead sulfide nanoparticles) show 

enhancement determined by the bandgap-normalized photon energy, Ephoton/Ebandgap, Which is a clear 


signature of MEG. The findings point to a valuable role for MEG in enhancing the photocurrent 
in a solid-state optoelectronic device. We compare the conditions on carrier excitation, 
recombination, and transport for photoconductive versus photovoltaic devices to benefit from MEG. 


ultiexciton generation (MEG) refers to 
Me creation of two or more electron- 

hole pairs per absorbed photon in a 
semiconductor (/). Colloidal quantum-dot mate- 
rials in which MEG has been reported experi- 
mentally include PbS and PbSe (2), PbTe (3), 
CdSe (4), and Si (5). In bulk semiconductors, 
carrier multiplication has been observed repeat- 
edly over the past five decades, both in elemental 
semiconductors such as germanium (6) and sili- 
con (7) and also in lead chalcogenides (8), includ- 
ing the infrared-bandgap bulk semiconductor PbS 
(9). In the past year, experiments that carefully 
account for processes such as photoionization of 
nanoparticles during spectroscopic studies have 
evidenced the production of more than one ex- 
citon per photon (/0) in colloidal quantum dots, 
with yields ranging from 1.1 to 2.4 excitons per 
photon (/0) when the photon energy exceeds the 
MEG threshold near ~Ephoton/Epandgap > 2.7 (11), 
where Ephoton 18 the photon energy and Epandgap 18 
the quantum-confined bandgap. 

MEG has been reported, based on all-optical 
spectroscopic data, not only in solution but also 
in thin solid films; however, in spite of numerous 
attempts with materials systems and photon en- 
ergies reported to manifest MEG, neither the ex- 
ternal quantum efficiency (EQE) nor the internal 
quantum efficiency (IQE) of the photocurrent in a 
device has been shown to exceed 100% (12-20). 
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In particular, one careful and systematic study 
(21) recently explored whether a key signature of 
MEG—an IQE of greater than unity—was ob- 
servable in the photocurrent of a low-bandgap 
PbSe colloidal quantum-dot photovoltaic device. 
Once reflection and absorption were carefully taken 
into account, IQEs approaching, but not exceed- 
ing, 100% were reported. 

Recent reports (22) suggest that in some of the 
earlier spectroscopic studies, the apparent quantum 
yield of MEG was enhanced by photoionization in 
the presence of multiple excitons. The sequence 
of steps is depicted in Fig. 1. The generation of 
two excitons within one quantum dot (Fig. 1B) 
produces efficient Auger recombination; one exci- 


TT 


B 2-exciton generation 


A Energy levels 


ton recombines, and one carrier associated with the 
other exciton is excited high within its band (Fig. 
1C). Photoionization, in this instance known as 
Auger-assisted ionization (AAI), may occur when 
this excited charge carrier becomes trapped at or 
near the quantum dot’s surface, resulting in a nano- 
particle that possesses a long-lived net charge (Fig. 
1D). The energetic Auger electron has a higher 
probability of being captured to a trap than does 
an already-thermalized electron (23) because it 
can more easily surmount the energetic barrier 
(such as a thin oxide on the nanoparticle surface), 
restricting access to a surface trap state. 

Subsequent photogeneration of even a single 
exciton then results in the presence of a trion (an 
exciton plus a charge) that recombines rapidly, 
masquerading as MEG in recombination dynamics— 
based studies. Thus, MEG’s time-resolved spectro- 
scopic signatures are enhanced by photoionization. 
It should be emphasized that, at the low intensities 
of interest in MEG investigations, photoionization 
alone cannot masquerade as MEG and serves only 
to amplify the apparent quantum yield if MEG is 
already present. 

Unfortunately, MEG combined with photo- 
ionization provides no advantages over MEG 
alone in the harvest of photovoltaic energy. Indeed, 
because trions resulting from photoionization ac- 
celerate recombination, they render even more 
challenging the extraction of MEG photocurrent 
from a photovoltaic device. To observe the bene- 
fits of MEG in the current extracted from a photo- 
voltaic device, charge separation must occur before 
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C Auger reexcitation 
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Fig. 1. MEG accompanied by photoionization. (A) Bands and trap levels for the quantum dots that were 
used. E. is the quantum-confined conduction band edge, EF, is the trap energy, Eggq is the quantum- 
confined bandgap, and Egpux is the constituent semiconductor’s bulk bandgap. (B) Generation of a pair of 
excitons via photon absorption followed by carrier multiplication. (C) Auger-induced excitation of an 
electron to a higher-lying level concomitant with recombination of the other exciton. (D) Efficient 
trapping of the excited electron. 
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Auger-accelerated multiexciton recombination. In 
PbS, for example, the biexciton lifetime is 50 ps and 
the triexciton lifetime is 30 ps (24). For a PbS pho- 
tovoltaic device (/2) with a typical built-in voltage 
of 0.35 V over a 100-nm-thick depletion region 
and for an electron and hole mobility of 1 x 10° 
cm’/Vs measured in colloidal quantum-dot photo- 
voltaic devices (/3), the time for carriers to separate 
over ~5 nm (the interdot lengthscale) is on the order 
of 100 ps. Given the rapid rate of Auger recombi- 
nation and the difficulty in dissociating excitons 
into distinct quantum dots, it is not surprising that 
the combination of materials parameters leading to 
greater-than-unity EQE or IQE in a photovoltaic 
device has yet to be conclusively observed. 

We sought to identify a class of devices of ap- 
plied interest in which telltale MEG signatures 
could be observed in the devices’ photocurrents and 
in which photoionization would further improve, 
rather than detract from, performance. In photocon- 
ductive detectors (25), electron-hole pair generation 
is followed by the trapping of one type of carrier 


(such as electrons) and flow of the other (such as 
holes). If the flowing carrier can be recirculated 
(withdrawn from one contact and reinjected from 
the other) multiple times during the lifetime of the 
trapped carrier, then photoconductive gain results: 
Many charge carriers may be collected for every 
exciton generated. 

In sum, photoconductors benefit from the cap- 
ture of charge carriers to sensitizing centers, or 
traps, on the nanoparticle surface. We reasoned 
that they could therefore enjoy considerably en- 
hanced electrical photocurrents when MEG and 
photoionization worked in concert. Thus, for 
Ephoton > ~2-7 Epandgap, We expected that 
photoionization-enhanced MEG could consider- 
ably aid the trapping of charge carriers to sensitiz- 
ing centers, leading to an improved signal-to-noise 
ratio that would be valuable in the sensitive de- 
tection of light. Because we worked with PbS 
nanoparticles that have quantum-confined band- 
gaps in the 750- to 1000-nm range, MEG en- 
hancements were possible in the ultraviolet (UV). 
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Figure 1A depicts the bands of a typical set of 
PbS colloidal quantum dots that were used (26). 
PbS has a bulk bandgap of 0.4 eV; the effective 
bandgap rises to 1.4 eV through quantum con- 
finement in the 2-nm-diameter dots investigated 
here. A shallow trap, resulting from PbSO; formed 
by surface oxidation of PbS (27), lies just below 
the first confined electron state. The use of devices 
(28) with a single trap-state lifetime facilitated the 
interpretation of the results presented. 

The responsivity spectra are shown in Fig. 
2B. By combining these data with careful mea- 
surements of the absorbance spectrum of the same 
film (Fig. 2A), we were able to determine the 
internal photoconductive gain of the device, which 
is plotted in Fig. 2C (26). Error analysis is presented 
in the figure caption. 

Figure 2C reveals that the internal photocon- 
ductive gain is, as a function of wavelength, con- 
stant (spectrally flat) until 340 nm, a wavelength 
corresponding to a photon energy that is equal to 
2.7 times the bandgap energy. At higher photon 
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first excitonic peak appears at 905 nm (1.37 eV bandgap). Error bars represent 
SD for a set of three independent measurements. (B) Spectral responsivity of the 
device for illumination intensities in the 2- to 20-nW/cm? range. Error bars were 


calculated as propagated errors AR = P-*,/P*s?, + I5s5, where P is optical 


power striking the device area, /p is photocurrent, and sp and s;, are SDs (cal- 
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Fig. 3. Internal photoconductive gain spectra of three devices having different 
quantum-confined bandgaps. The left spectra (A) are plotted in absolute wave- 
length, whereas the right spectra (B) are plotted in (unitless) Ephoton/Ebandgap: It is 


energies, the internal gain rises sharply into the 
UV spectral range. The internal gain reaches a 
value of 100 + 10 at 220-nm wavelength (~4.1 
times the bandgap energy) as compared with its 
value of 25 + 3 in the spectrally flat region below 
2.7 times the bandgap energy. 

Motivated by the fact that these results were 
consistent with, and even suggestive of, a role for 
MEG, we sought an experiment that could reveal 
MEG’s unambiguous spectral signature: a uni- 
versal quantum-yield curve dependent only on 
Ephoton/Ebandgap- We built three devices using 
differently sized colloidal quantum dots having 
correspondingly different bandgaps (26). The de- 
vices’ internal gain spectra, obtained exactly as in 
Fig. 2, are reported in Fig. 3. 

We now discuss additional sets of controls 
that address potential artifactual explanations of 
these findings. One hypothesis is that trap states 
could be nonuniformly distributed throughout the 
film and perhaps clustered closer to the air-film 
interface; shorter-wavelength light would then be 
substantially absorbed in these denser and deeper 
trap regions. However, we compared internal-gain 
spectra for devices illuminated from the top versus 
the bottom and found no dependence in the curves 
of Figs. 2 and 3 on the side of optical incidence 
(fig. S3). A second hypothesis is that, in the case 
of short-wavelength illumination, excited carriers 
could be captured directly to traps during the sub- 
picosecond time frame before relaxation to the 
quantum-confined band edge without need of 
MEG and AAI. This direct-ionization picture is 
incompatible with the observed universal nor- 
malized Ephoton/Epandgap Spectral dependence in 
Fig. 3; instead, it predicts that trapping efficiency 
should depend on Epnoton, the barrier to electron 
escape, and the set of trap states available. To 
vary the trap states, we aged a series of devices in 
air to alter their trap-state densities and depths. 
We confirmed that the trap distribution had changed, 
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observing an increase in dark current and the 
emergence of additional longer—time scale temporal 
components in the photoresponse that was con- 
sistent with the introduction of new and deeper 
traps. Despite these major changes in trap-state 
populations, we found that the spectral gain— 
dependence of Figs. 2 and 3 was preserved. 
Taken together, these observations suggest that 
carrier multiplication occurs more rapidly than 
either intersubband relaxation or the capture of 
excited carriers to traps. 

We conclude with a brief discussion of the 
relevance to short-wavelength imaging of the de- 
vices we report here. A light sensor suited for 
imaging must simultaneously provide high re- 
sponsivity combined with rapid temporal response 
(<1/15 s). Reports of UV-sensing elements based 
on solution-processed materials have, however, 
provided either promising sensitivity (61 A/W) 
but hundreds-of-seconds temporal response (29) 
or else fast response but few-milliamperes-per- 
Watt UV responsivity (30). The devices we report 
here are UV photodetectors with high responsiv- 
ities of 18 A/W that at the same time offer an 
imaging-compatible 20-ms response time. The 
devices provide a 1000-fold improvement in gain- 
bandwidth product in solution-processed UV pho- 
todetection relative to previous reports. Compared 
with digital-imaging chips based on silicon photo- 
diodes limited to at most one photoelectron per 
photon (thereby necessitating use of an extremely 
low-noise readout scheme), the devices we report 
here offer large gains that facilitate high-sensitivity 
low-light imaging. 
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Aggregation-Induced Dissociation 
of HCI(H,0), Below 1 K: 


The Smallest Droplet of Acid 


Anna Gutberlet,* Gerhard Schwaab,* Ozgiir Birer,"* Marco Masia,“t Anna Kaczmarek,*+ 
Harald Forbert,* Martina Havenith,4§ Dominik Marx? 


Acid dissociation and the subsequent solvation of the charged fragments at ultracold temperatures 
in nanoenvironments, as distinct from ambient bulk water, are relevant to atmospheric and 
interstellar chemistry but remain poorly understood. Here we report the experimental observation 
of a nanoscopic aqueous droplet of acid formed within a superfluid helium cluster at 0.37 kelvin. 
High-resolution mass-selective infrared laser spectroscopy reveals that successive aggregation of 
the acid HCl with water molecules, HCI(H20),, readily results in the formation of hydronium at 

n = 4. Accompanying ab initio simulations show that undissociated clusters assemble by stepwise 
water molecule addition in electrostatic steering arrangements up to n = 3. Adding a fourth water 
molecule to the ringlike undissociated HC\(H20)3 then spontaneously yields the compact 
dissociated H30*(H>0)3Cl” ion pair. This aggregation mechanism bypasses deep local energy 
minima on the n = 4 potential energy surface and offers a general paradigm for reactivity at 


ultracold temperatures. 


ronsted acid/base dissociation, leading to 
Be transfer and solvation (J, 2) of 
the charged fragments in nanoenviron- 
ments (3—/3), is one of the most fundamental 
chemical processes, at the root of myriad sub- 
sequent reactions. The process plays a central 
role not only in bulk aqueous chemistry but also 
in heterogeneous reactions in polar stratospheric 
clouds (/4, 15), the spontaneous synthesis of 
molecules in interstellar space at ultracold tem- 
peratures (16), and dissociative adsorption and 
ionization at surfaces (/7—22). In particular, the 
dissociation mechanism of the strong acid HCl 
has been the focus of recent studies in ambient 
bulk water (/, 2, 23, 24), as well as at low tem- 
peratures in confined geometries; for example, 
on amorphous ice surfaces, on ice nanocrystals, 
and in microsolvation environments most rele- 
vant to atmospheric or interstellar environments 
(15, 18, 19, 25). In view of Arrhentus' activation 
law, however, a persistent puzzle has been the 
means whereby reactants at ultracold temper- 
atures surmount energetic barriers that far ex- 
ceed the available thermal energy. Traditionally 
it is assumed that photochemical excitations or 
tunneling are the major triggers enabling such 
reactions. 
Despite impressive progress on the funda- 
mental steps of HCI dissociation on ice (/8, 25), 
infrared (IR) spectra of microsolvated HCl remain 
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underanalyzed. Suhm and co-workers (26, 27) 
observed several IR bands in a HCI/H,O/He 
expansion and were able to assign two IR bands 
between 3000 and 2000 cm ' to undissociated 
HCI(H,0),,, with n = 1 and 2. A prominent and 
unusually broad absorption band centered at 
=2570 cm | was attributed to dissociated struc- 
tures of unknown cluster sizes. Multiple theoretical 
studies (28-32) lend support to the conjecture 
that four H,O molecules might provide the 
smallest possible H-bonded water network, in 
which the most stable structure incorporating HC] 
is the charge-separated solvent-shared ion pair 
(SIP) H,0*(H,0);CI , as depicted in Fig. 1 (this 
species is sometimes termed a solvent-separated 
ion pair in the cluster literature). Still, experi- 
mental spectroscopic evidence is so far lacking 
and, in addition, the pathway to dissociation at 
low temperatures remains elusive. 

Here we report the full dissociation of a 
single HCl molecule as a result of molecular 
aggregation with exactly four water molecules 
in superfluid He nanodroplets at 0.37 K. These 
droplets provide a gentle matrix for step-by-step 
aggregation of molecular clusters, via a control- 
lable pickup process governed by Poisson's sta- 
tistics, and they allow for concurrent high-resolution 
spectroscopy (33-35). IR and mass-spectroscopic 
evidence, in conjunction with theory, shows the 
formation of a SIP within a minimal H-bonded 
network in which three water molecules solvate 
both H;O° and Clas shown in Fig. 1, thus pro- 
ducing what we believe is the smallest droplet 
of dissociated acid. We find that stepwise 
aggregation can induce reactions in an ener- 
getically downhill fashion, preventing the 
system from being trapped in deep local 
minima out of which it would need substantial 
activation to escape. At the same time, suffi- 
ciently small energy barriers can be overcome 
by using kinetic energy gained upon lowering the 
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potential energy during aggregation. Transcend- 
ing the specific system here, such aggregation- 
induced reactions are expected to play a pivotal 
role in explaining chemical reactivity under cry- 
ogenic conditions. 

Ab initio molecular dynamics simulations 
(36), as well as frequency calculations, were per- 
formed in the framework of density functional 
theory using the BLYP functional (37). In ad- 
dition, Helmholtz free-energy calculations were 
carried out with ab initio metadynamics (37) in 
the extended Lagrangian formulation, using two 
collective variables (CVs) to drive the isomer- 
ization reaction of the HCI(H,0), system from 
the undissociated (UD) initial state to the most 
stable global minimum; that is, the dissociated 
SIP species. One CV is defined to be the coor- 
dination number CNc}-o of Cl with respect to all 
O’s, and the other CV, 6, is the dihedral angle 
formed by the four O atoms and thus measures 
the two-dimensional (2D) versus 3D character 
of the aggregate. Aggregation simulations (37) 
probing the effects of electrostatic steering were 
carried out with both fragments dipole-aligned 
in their initial configuration, while keeping the 
nearest heavy atoms separated in equilibrating 
canonical simulations at 0.5 K. Subsequent 
release of the constraint and microcanonical ab 
initio molecular dynamics propagation yield the 
product complexes within a few picoseconds at 


bd SIPoo 


Fig. 1. Free-energy surface (37) of HCI(H20), 
spanned by two collective reaction coordinates: 
the Cl to O coordination number CNq_o and the 
dihedral angle o given by the four O atoms; the 
contour lines are 3 kJ/mol apart. The relevant 
free-energy minima were found to be associated 
with the following fully optimized structures as 
marked by arrows: UD, CIP, PA, and SIPc, and 
SIPc3, with C, and C3 symmetry, respectively, as 
determined by the orientation of the water mol- 
ecule in the lower right corner. The proton derived 
from HCl is marked in black in all structures. The 
free-energy barriers are as follows: from UD to CIP, 
930 K; from CIP to SIP, ~650 K; and from PA to 
SIP, ~100 K; the reaction coordinates used do not 
distinguish between the conformations (i.e., C3 
versus C,) that characterize the SIP;; and SIP 
species, the latter being only ~2.7 kJ/mol higher in 
potential energy. 
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most, which is much faster than the expected He 
cooling rate. 

Comprehensive mapping of the free-energy 
surface for the n = 4 species HCI(H,0), clearly 
demonstrates that the UD species reaches the 
SIP global minimum via a partially dissociated 
contact ion pair (CIP) as a locally stable interme- 
diate (Fig. 1). The SIP structure H;0*(H,0);CI is 
the most compact network wherein a hydronium 
core, H;0", forms an Eigen complex (J, 2); i.e., 
H30'(H20)3, by donating three H bonds to 
the three remaining water molecules, which in 
turn can nicely microsolvate Cl by creating an 
anionic solvation shell. The network structures 
of pure protonated water clusters H;0'(H20),, 
have been thoroughly characterized by IR spec- 
troscopy (9-13) as a function of n including the 
bare Eigen cation n = 3. Frequency analyses of 
HCI\(H20),, species predict a prominent IR active 
mode around 2708 cm ' corresponding to a sym- 
metric O-H stretching motion in the H;O* core 
that specifically characterizes the lowest-energy 
SIP minimum. Both UD and CIP structures do not 
show any calculated signal in this spectral regime 
for n = 4. For the UD structure, the closest vibra- 
tions are the water O-H stretches (+2900 cm ') 
and the H-Cl stretch (<1700 cm"), whereas the 
nearest frequencies in the CIP structure are pre- 
dicted to be more than 200 cm! and =150 cm! 
higher and lower in frequency, respectively. 

We have studied microsolvation of HCI in 
He nanodroplets via high-resolution IR spec- 
troscopy, using the Bochum He-nanodroplet 
apparatus in combination with a home-built 
continuous wave optical parametric oscillator 
with full frequency coverage in the range from 
2600 to 3400 cm |, high output power (up to 
2.7 W), and high resolution (0.0001 cm‘). Brief- 
ly (37), He droplets with an average size of 
8500 He were formed in a supersonic expansion 
of precooled (16 K) gaseous He through a 5-1m- 
diameter nozzle. In a partitioned second chamber, 
the He droplets were doped with HCl or DCI as 
the first dopant and H,O as the second dopant. 
They were detected in a quadrupole mass spec- 
trometer after passing through a 0.9-m spectro- 
scopic interaction region. Absorption of an IR 
photon and subsequent cooling to the ground 
state result in the evaporation of several hundred 
He atoms, yielding a depletion of the mass spec- 
trometer signal due to a reduced droplet ionization 
cross section. We used two different scanning 
modes: Frequency scans yield spectroscopic infor- 
mation on all complexes in the investigated fre- 
quency range, using the high-pass mode of the 
mass spectrometer [mass-to-charge ratio (m/z) > 
8], whereas optically selective mass spectroscopy 
(OSMS) (38) returns information on a single spe- 
cies and its fragments. In He nanodroplets, soft 
ionization often allows detection of the parent as 
well as large fragments. Electron bombardment 
of a He cluster results in the ionization of a He 
atom, subsequent charge migration, and excitation 
of either a He cluster state (He,,)'* or the dopant 
molecule. 


We experimentally searched the frequency 
range from 2645 to 2915 cm ' for IR absorp- 
tion bands of HCl/water and DCl/water com- 
plexes aggregated in He droplets that might 
indicate dissociation. Bands of HCl monomer, 
HCI homodimer, and the undissociated HCI-H,O 
heterodimer in He droplets have been observed 
and assigned previously by us (39). In addition 
to those, we found two strong absorption bands 
centered at 2669.854(1) and 2667.804(2) cm |, 
subject to an intensity ratio of about 3:1 (Fig. 
2A) upon sequential pickup of HCl and H,0. 
These signals disappeared when pure HCl or 
H,0 was added alone to the He droplets. 

In order to assign the observed bands to a 
specific cluster, we measured the dependence of 
the depletion signal on the partial pressure of 
both dopants and used OSMS (38). The varia- 
tion with pressure supported our assignment to a 
cluster aggregated from one HCI and four H,O 
molecules (37). A comparison of mass spectra 
(Fig. 3) acquired at the HCl/water resonances (at 
2667.8 and 2669.8 cm ') to the off-resonance 
mass spectrum (at 2673.8 cm!) shows a clear 
increase in depletion at the masses correspond- 
ing to pure hydronium and to hydronium/water 
clusters H;0'(H,0),,, with n = 0, 1, 2, 3 (m/z = 
19, 37, 55, and 73). No increase is observed at 
the undissociated HCl mass (m/z = 36), the 
undissociated parent cluster mass [m/z = 108 for 
HCI(H,0),4], and larger dissociated cluster 
masses with n > 3 (m/z = 91, 109, ...). In the 
case of a DCI/H,O mixture (Fig. 3), comparing 
an on-resonance spectrum at 2671.3 cm | to an 
off-resonance spectrum at 2666.4 cm | reveals 
an increase for masses corresponding to HO’, 
H;0°H,0, H;0°HDO, and H;0'HDO(H;0),, 
with n = 1, 2 (m/z = 19, 37, 38, 56, and 74). 

For a dissociated charge-separated cluster, 
we expect to detect the positively charged ion 
and its ionized fragments; negative ions such as 
Cl are deflected or neutralized after electron 
impact ionization and charge transfer, and thus 
are not detected by the mass spectrometer. The 
highest mass affected by the change from on- to 
off-resonance is attributed to the parent ion, 
which has m/z = 73 in the case of HCl/water and 
m/z = 74 for DCl/water. All observations are fully 
consistent with an assignment to the solvent- 
shared ion pair H;0*(H50);CI . An undissociated 
cluster would, in contrast, have been expected 
to give rise to OSMS signals at the HCl and 
HCI(H2O), parent cluster masses, as observed 
for undissociated HCI/(H20),. No signal at the 
mass (m/z = 20) of deuterated hydronium, 
H5DO", was detected, indicating that D replaces 
one of the H atoms in the solvent layer (in 
agreement with our simulations) and not one of 
the H atoms in the hydronium core. 

The two peaks separated by =2 cm ' may then 
be explained in two ways: either as an isotopic 
splitting due to the *CI°7CI natural abundance 
ratio (close to 3:1) within one SIP structure, or 
as a symmetry splitting due to the presence of 
different SIP conformers for n = 4. The calcula- 


tions predict a negligible Cl isotopic shift (less 
than 0.0002 cm'). This prediction was confirmed 
experimentally: Substitution of the natural iso- 
topic mixture with isotopically pure H*°Cl (Fig. 
2B) yielded a nearly identical spectrum. Thus, 
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Fig. 2. IR depletion spectra (arbitrary units) of the 
symmetric hydronium stretch of H30*(H20)3Cl” in 
He nanodroplets. (A) H20 and HCL in a natural 
abundance isotopic mixture. (B) H20 and isotopi- 
cally pure H®°CL. (C) HO and DCl in a *°Cl?/Cl 
natural abundance mixture. Measured spectra are 
shown in black and overall fits in red; dashed blue 
lines show Lorentzian line profiles fitted to asym- 
metric top stick spectra. The H2O/HCI spectrum in 
(A) shows two absorption bands, which are as- 
signed to two different structures of H30*(H,05)CI’: 
SIPc3 and SIPc,, as shown. Four absorption bands 
contribute to the DC\(H20),4 absorption in (C). The 
stick spectra in (C) show the calculated frequencies 
(37) for the symmetric O-H stretching motion in 
the H30* core of H30*(H2O)2(HDO)CI, with the 
length of the bars being proportional to the IR 
intensities. The predicted frequencies of the sym- 
metric O-H stretching mode in the H30* core of 
the SIPc3 conformer are marked, respectively, by 
red and orange vertical bars when D (stemming 
from DCl) is substituted for H in the H bond be- 
tween an intact water molecule and Cl” (HB OH), 
or substituted for H in the free OH group of such a 
water molecule (free OH); blue (HB OH) and purple 
(free OH) bars correspond to the same scenarios 
for SIPc,. The brown dashed line corresponds to 
residual signals caused by H/D exchange in the gas 
feeding system. 
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the three water molecules in the Eigen-type SIP 
network are arranged in either C3; or C, con- 
formation with respect to their free OH bonds 
(see SIPc3 and SIP¢, in Fig. 1). The C, conformer 
is statistically sixfold degenerate, whereas there 


are only two SIPc;3 structures, a relationship in 
agreement with the observed 3:1 intensity ratio 
by combinatorics. In accord with experimental 
results, the calculated symmetric hydronium O-H 
stretching frequency is slightly blue-shifted in 


Fig. 3. The top and bottom panels 
show a comparison of on-resonance 
(red) and off-resonance (black) opti- 
cally selective mass spectra for HCl 
and DCI water clusters, respectively. 
The corresponding frequencies are 
shown in Fig. 2 as black and gray 
arrows for the on- and off-resonance 
measurements, respectively. The masses 
correspond to the parents H30*(H20)3 
and H30*(H20)(HDO) and their frag- 
ments. Tick marks represent integer 
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Fig. 4. Simulation of a stepwise aggregation process leading to aggregation-induced dissociation of 
HCI(H20), from n = 3 ton = 4 according to the sequence HCl + 4 HzO > HCI(H20) + 3 HzO > HCI(H20)2 + 
2 H,O — HCI(H,0); + H2O > H30*(H,0)3Cl-. The optimized structures for the n = 4 PA and SIP are 
explicitly labeled; only the global minimum (the SIP;3 conformation) is shown here but using a different 
perspective from that in Fig. 1. The proton derived from HCl is marked in black in all structures. The solid 
red lines show the evolution of the potential energy on the scale given by the binding energy {that is, 
E[HC\(H20),] — E[HCl] — nE[H,0]} obtained from representative aggregation simulations (37) as a function 
of the ab initio molecular dynamics step. Vertical dashed red lines symbolize cooling of the aggregation 
product (obtained via full structure optimization) inside the He droplet (schematically represented at left) 
before the next aggregation simulation commences. Horizontal dashed green and dotted blue lines mark 


the binding energies of SIP;3 and SIP,,, respectively. 
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SIP; as compared to SIPc3. We therefore assign 
the two observed peaks to the SIP¢, and SIP.3 
species. Given the 2.7 kJ/mol (=320 K) energy 
gap separating the SIP, structure from the SIP;3 
global minimum, Boltzmann weighting at 0.37 K 
would fully suppress the blue peak due to SIPc1, 
thus suggesting the observation of a nonequilib- 
rium distribution. 

Substitution of HCl by DCI leads to a sub- 
stantial spectral shift and further splitting (Fig. 
2C). Strong absorption peaks are now found at 
frequencies of 2669.152(6), 2671.300(1), and 
2673.198(2) cm''; a further transition is just 
evident at the detection limit at 2675.70(3) em 1. 
The observed H/D shift is consistent with a pre- 
dicted blue shift of up to at most 4 cm ! for the 
various possible D positions in the H,O mole- 
cules of the SIP structures. In contrast, substitu- 
tion in the H;O* core would result in major red 
shifis in the range of 70 to 120 cm ', in disagree- 
ment with the experiment (37). The predicted 
transitions (also in Fig. 2C) compare favorably 
to the observed spectrum. 

Given this experimental evidence that the 
fully dissociated SIPc, and SIP¢3 complexes form 
in He droplets, the puzzle remains how the huge 
barriers of ~930 and ~650 K along the two-step 
dissociation mechanism following the UD — 
CIP — SIP pathway on the n = 4 free-energy 
surface (Fig. 1) can be surmounted at only 0.37 K. 
Such high barriers are indeed expected in view 
of the required fundamental rearrangement of the 
H-bonded network from a 2D to a 3D topology: 
The original UD complex is a flat five-membered 
ring, whereas the SIP dissociation product is 
compact, with three water molecules sandwiched 
between the hydronium core and Cl anion. 

To account for our observations, we first note 
that within the He droplets, the dopants are cooled 
down to 0.37 K at typical rates of 10'° K/s (35). 
The associated cooling times are shorter than the 
time scales (35) for migration of the dopants 
within the droplet (~10 us), as well as the time 
scale between single pickup processes (~0.1 ms). 
Thus, precooled monomers aggregate sequen- 
tially, a process that may yield nonequilibrium 
structures not found at higher temperatures 
(40, 41). We then consider that the n = 4 free- 
energy surface possesses an extremely shallow 
minimum, corresponding to the partially aggre- 
gated (PA) species in Fig. 1: an undissociated 
cyclic HCI(H,O)3 structure wherein the added 
fourth HO molecule accepts a H bond from the 
free OH of the central HO in the ring. Thus, the 
solution to the puzzle is provided by a process 
of aggregation-induced dissociation. A sequence 
of aggregation simulations (37) using electro- 
static steering initial conditions (Fig. 4) yields 
cluster growth around undissociated HCl up to 
the ringlike n = 3 structure; adding the fourth H,O 
then leads to the open PA structure, which readily 
dissociates into either SIP¢, or SIPc¢3 according 
to combinatorial statistics without ever transiting 
through the much-discussed UD or CIP trap 
states. According to this HCI(H2O); + H,0 — 
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PA — SIP mechanism, the acid's proton is trans- 
ferred to one of the three solvent H,O molecules, 
in full agreement with the OSMS HCI/DCI data. 
This mechanism would translate into an indirect, 
solvent-mediated proton transfer from HCl to 
H;0° in bulk solvation environments (J, 2). 
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Beryllium Dimer—Caught 
in the Act of Bonding 


Jeremy M. Merritt,? Vladimir E. Bondybey,” Michael C. Heaven?* 


The beryllium dimer is a deceptively simple molecule that, in spite of having only eight electrons, 
poses difficult challenges for ab initio quantum chemical methods. More than 100 theoretical 
investigations of the beryllium dimer have been published, reporting a wide range of bond 
lengths and dissociation energies. In contrast, there have been only a handful of experimental 
studies that provide data against which these models could be tested. Ultimately, the uncertain 
extrapolation behavior associated with the available data has prevented quantitative comparisons 
with theory. In our experiment, we resolve this issue by recording and analyzing spectra that 
sample all the bound vibrational levels of the beryllium dimer molecule’s electronic ground state. 
After more than 70 years of research on this problem, the experimental data and theoretical 


models for the dimer are finally reconciled. 


uring the last few decades, there has been 

tremendous progress in the development 

of theoretical methods for ab initio predic- 
tion of molecular structures and properties. This 
progress, combined with the rapid advances in com- 
putational hardware, has reached the point where 
high-level theoretical models can be applied to rea- 
sonably large systems (molecules containing tens 
of atoms). There are, however, certain classes of 
problems where simple molecules can pose a con- 
siderable challenge for quantum chemistry cal- 
culations. The beryllium dimer, with just eight 
electrons, is a celebrated example. 
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The story of the beryllium dimer extends 
to the early days of molecular spectroscopy. 
Spectra for the simplest metal dimer, Li,, were 
observed and analyzed by 1930. The first at- 
tempts to study the next simplest dimer, carried 
out around the same time in the laboratory of 
Herzberg (J), failed to produce Be and resulted 
only in observations of the oxide BeO (2). The 
authors concluded (/, 2) that the interaction be- 
tween two ground-state Be atoms is repulsive, 
and the vapor of beryllium should be strictly 
monatomic. 

Around the same time, theoretical models of 
molecular bonding were being developed, with 
the simplest molecular orbital theory predicting 
a bond order of zero for Bez. An early valence 
bond study by Bartlett and Furry (3) in 1931 
found Be, to be repulsive, and starting with the 


development of computers and computational 
techniques, dozens of theoretical studies appeared 
with vastly divergent results. The self-consistent 
field (SCF) computations of Fraga and Ransil 
(4, 5) predicted an unstable ground state, as did 
the study of Bender and Davidson (6), who con- 
cluded that their configuration interaction (CI) 
results were just as repulsive as those from an 
SCF calculation. They noted that a minimum in 
the potential was possible only if the effects of 
electron correlation increase faster with decreasing 
internuclear separation than the SCF repulsion 
increases. Several subsequent studies concluded 
that the Be, potential has only a shallow van der 
Waals minimum at a large internuclear distance 
(4.5 to 5.1 A), whereas another group of inves- 
tigations found deeper minima at considerably 
shorter bond lengths of 2.3 to 2.9 A. There were 
also calculations that yielded double minimum po- 
tential energy curves where the long-range min- 
imum was attributed to van der Waals attraction. 
By the early 1980s, the extensive multi-reference 
CI (MRCI) computations of Lengsfield et al. (7) 
and the full CI (FCI) studies by Harrison and 
Handy (8) appeared to tilt the controversy in 
favor of a short bond length and a single mini- 
mum potential. 

Despite the growing theoretical interest, 
experimental data for Bez has remained elusive. 
The fact that beryllium has high melting and 
boiling points, and at these temperatures the 
vapor is almost purely monatomic, introduces a 
technical challenge for experimental studies. 
Adding to the problem, beryllium is very easily 
oxidized, and the oxide particles are extremely 
toxic. Electronic absorption spectra for Be iso- 
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lated in cryogenic Ne and Ar matrices were re- 
ported by Brom et al. (9), but these measurements 
did not provide information concerning the ground 
state. Gas phase spectra were finally obtained 
with the advent of pulsed laser ablation tech- 
niques. With this method, minute quantities of the 
metal could be vaporized, cooled by collisions with 
an inert buffer gas, and investigated spectroscop- 
ically using tunable dye lasers. Bondybey and 
English (/0) reported the first gas-phase spectrum 
in 1984, followed by two additional studies by 
Bondybey (//, /2). Rotationally resolved data 
showed that the molecule does have a short 
bond length (2.45 A). Helium buffer gas cooling 
was used to stabilize the dimer, and the effective 
temperature of the measurements was near 90 K. 
Under these conditions, only bands involving 
the lowest v’ = 0 and | vibrational levels of the 
ground state could be observed, yielding a vibra- 
tional frequency (AG) of 223.4 em '. At a much 
lower resolution, vibrational levels up to v” = 3 
were observed in dispersed fluorescence spectra. 
Assuming a Morse-like potential energy curve, 


extrapolation of the low-resolution vibrational 
data indicated a well depth (D.) of 790 + 30 cm! 
(9.45 + 0.36 kJ mot’). 

The definitive demonstration that ground- 
state Be. is bound motivated another wave of 
theoretical studies. Calculations before 1995 
were reviewed by Roeggen and Almldf (/3). 
Part of the difficulty in describing the dimer 
derives from the small energy separation be- 
tween the 2s and 2p orbitals of beryllium atoms, 
which results in a multi-configurational ground 
state. Theory has shown that the detailed shape 
of the dimer potential energy curve results from 
a delicate balance of many attractive and re- 
pulsive forces (/3—17). The main attractive force 
at long range is the van der Waals dispersion 
interaction. At shorter range, where orbital over- 
lap becomes substantial, mixing of excited deter- 
minants becomes important, signaling the onset 
of orbital hybridization. The early controversy 
over a short or long bond length reflected the 
competition between these two interactions. The 
sensitivity of the Be, potential energy curve to 


Fig. 1. Experimental SEP spectrum 
recorded with the pump laser excit- 
ing the R(0) line of the A*II,(V = 
2) « X"Z,* (v’ = 0) transition of 
Be>. The progression of R(0)/P(2) 
doublets shown are assigned to the 
v' = 8, 9, and 10 levels. Continuous 
SEP signal was observed beyond v” = 
10, signaling the onset of dissocia- 
tion (denoted by the arrow). The 
red dashed line indicates the base- 
line of the SEP spectrum. a.u., arbi- 
trary units. 


Flourescence Depletion (a.u.) 


22210 


22220 22230 22240 22250 
Probe wavenumber (cm') 


22260 


Table 1. Measured and calculated properties of Bez(X*Z,*). All parameters have units of inverse 
centimeters unless otherwise indicated. @ has units of inverse angstroms. Estimated experimental 
uncertainties (SDs) in the vibrational band origins (E,.)) and rotational constants (B,) are +0.5 cm * and 
+0.005 cm™*, respectively. Predicted energies and rotational constants from (20) are also given. 
Potential parameters are as follows: D. = 929.742348; r. = 2.453603 A; do = 2.173585, 61 = 
1.190734, 62 = 0.974995, 63 = —9.377098, 4 = 11.556851, and @; = —3.401979. Dashes indicate 


data not determined. 
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the level of theory has made analysis of this mol- 
ecule a benchmark problem for quantum mechan- 
ics and a critical test for new theoretical models 
and procedures. At present, more than 100 papers 
devoted to beryllium dimers and clusters have 
appeared, making the dimer one of the most 
extensively theoretically studied molecules. The 
highest-level studies suggest that the D, value 
obtained in the original experimental study was 
too low, and the theoretical estimates have grad- 
ually increased with time. Here we mention just 
a sampling of those studies. 

Petersson and Shirley (78) carried out a series 
of ab initio computations with extrapolation to 
the complete basis set limit. The dissociation en- 
ergy they obtained (D, = 827 cm ') was higher 
than that of Bondybey (//), but they proposed 
that the discrepancy could be resolved through 
reinterpretation of the experimental data. They 
noted that the Morse potential energy function 
originally used to extrapolate the experimental data 
does not have the correct behavior at larger inter- 
nuclear distances. To impose the correct asymp- 
totic behavior, they added a —C,/r® term (where 
Cg is a constant and r is the internuclear separa- 
tion) to the potential energy function, obtaining a 
revised experimental estimate for the dissociation 
energy of D. = 839 em |. Gdanitz (75) reported a 
very high quality (7;2)MRCI calculation, yielding 
D. = 898 cm'. Martin (/6) obtained a FCI result 
of D, = 844 cnr!, whereas the valence electron— 
only FCI computation of Evangelisti et al. (14) 
predicted a binding energy lower than the ex- 
perimental value, clearly demonstrating the need 
for correlation of the inner-shell electrons. In a 
separate study, Evangelisti et al. (19) carried out 
an all-electron FCI calculation that involved more 
than a billion D5, symmetry-adapted determi- 
nants. Spirko (20) corrected the FCI potential of 
Martin (76), which yielded almost precisely the 
observed AG,» = 223.4 cm, for its clearly in- 
correct asymptotic behavior. This was done by first 
converting the (7;2)MRCI curve of Gdanitz (/5) 
into a reduced potential energy curve form and 
then adjusting the potential parameters to repro- 
duce the experimentally observed ro-vibrational 
energies and the shape of the FCI potential near 
the minimum (/6). A D, value of 922.9 cm! was 
derived from this procedure. Patkowski et al. (21) 
carried out large-scale calculations for the dimer 
series Bex, Mg, and Ca. Extrapolation to the 


v" Evet (exp.) By (exp.) Ere (calc.) B, (calc.) Exet (20) B, (20) complete basis set limit was examined for cou- 
0 0.0 0.609 0.0 0.607 0.0 0.609 pled cluster methods, and additional frozen core 
FCI calculations were performed for Be>, lead- 
1 222.6 0.562 222.7 0.567 223.3 0.562 : : : we = 
ing to a predicted dissociation energy of D. = 
2 397.1 0.509 397.8 0.505 396.4 0.500 938 + 15 cm” 
3 518.1 0.424 518.2 0.425 515.9 0.422 _ sity ? 
Evaluation of the current generation of the- 
4 594.8 0.355 595.4 0.355 592.4 0.353 : F : 
oretical calculations for Be. is hampered by the 
5 651.5 0.306 652.4 0.309 649.1 - ee are : 
uncertainties of the existing experimental data, 
6 698.8 0.272 699.4 0.273 695.6 - : : : 
particularly the details of the extrapolation to the 
7 737.7 0.237 738.2 0.237 733.5 - : ae er : 
8 68.2 0.196 68.8 0.200 62.9 dissociation limit. A recent experimental study (22) 
- i 6: 5 ? os 5: < 7 has advanced our understanding of the excited 
? Nishi Ae sei! pad sae ~ states of Be>, but it provided little in the way of 
10 802.6 0.102 803.4 0.102 793.7 = : . . 
new information for the ground state. Our objec- 
Do 807.4 = 806.5 7 = - 


tive was to obtain accurate experimental data for 
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all bound vibrational levels of the ground state, 
Be,(X). We succeeded by applying stimulated 
emission pumping (SEP) to record rotationally 
resolved spectra (23). The basic principles of 
this experiment are described here. A pulsed laser 
(designated as the “pump’’) is used to populate 
a single ro-vibrational level of the electronically 
excited A'II, state. The fluorescence resulting 
from the radiative relaxation of this level is 
detected along an axis that is perpendicular to 
the laser beam. A second laser (“dump”), which 
is counter-propagated along the axis of the 
pump beam, is used to drive population down 
from the excited level via stimulated emission. 
When the dump laser is tuned to a resonant tran- 
sition, the resonance is detected as a drop in the 
intensity of the pump laser—induced fluorescence. 
The A'TI,, state was chosen for these measure- 
ments, as it has a shorter equilibrium internuclear 
distance than the ba ground state. Because 
of this difference, transitions from the low vi- 
brational levels of A'TT, to the vibrationally ex- 
cited levels of the ground state are favored. A 
second advantage of using the A'TI, state is that 
it has a relatively long fluorescence decay life- 
time (~200 ns) that facilitates detection of the 
SEP effect (24). 

Be, was formed in the gas phase by pulsed 
laser vaporization and cooled by pulsed super- 


Fig. 2. Birge-Sponer plot of the vi- 
brational intervals E,,, — Ey. The red 
straight line is a linear fit to the first 
four points, representing the expected 
behavior for a Morse potential energy 
curve. The deviation from Morse-like 
behavior resulted in the underestima- 
tion of the dissociation energy in pre- 
vious experimental studies. 


Fig. 3. Ground electronic state po- 
tential energy curve of the berylli- 
um dimer derived by fitting to the 


i=) 


sonic expansion of the helium carrier gas into 
vacuum (22). Laser excitation spectra for Be, 
were consistent with a rotational temperature 
of 1.5 to 2.0 K. Each vibronic band exhibited 
just three strong rotational lines, corresponding 
to R(O), RC), and Q(1) (see fig. S1). The se- 
lection rules for the A-to-X transition are such 
that excitation of a Q-branch line allows only 
Q lines to appear in the SEP spectrum. Alter- 
natively, pump laser excitation of a P or R line 
yields progressions of P/R doublets. For exam- 
ple, Fig. 1 shows a SEP spectrum recorded with 
the use of pump laser excitation of the 2-to-0 
band R(0) line. The expected progression of 
R(0)/P(2) doublets is evident. To determine the 
ground-state rotational constants, we recorded 
SEP spectra using R(0), R(1), and Q(1) excita- 
tions of the 2-to-0 and 3-to-0 vibronic transi- 
tions. We observed all ground-state vibrational 
levels in the range v” = 0 to 10, with the latter 
clearly identified as the last bound vibrational 
state. We observed the Be('S) + Be(!S) disso- 
ciation limit in the spectrum as a continuum 
SEP signal with a sharp onset. The vibrational 
energies, dissociation energy (Do), and rotation- 
al constants derived from the spectra are listed 
in Table 1. 

The fact that the potential energy curve for 
Be2(X) has an unusual shape was immediately 


SEP data. The vibrational wave func- <~ 
tions for v’ = 0 and 3 are also shown 5 
for reference. The dashed curve is a = -200 
Morse potential constructed to ree 2 
produce the experimental dissocia- © 
tion energy and harmonic vibrational = mn 
constant. 2 
> -600 
-800 


| 


2 


3 4 5 6 i 8 
R (Angstrom) 


apparent from the measured vibrational ener- 
gies. Figure 2 shows the vibrational interval 
(Ey, — Ey) as a function of the vibrational 
quantum number (Birge-Sponer plot). This plot 
would be linear for a Morse potential or gently 
curved for a Morse-like potential that transitions 
to a van der Waals potential at long range. 
However, the present results show a pronounced 
deviation from the slope of the initial line above 
v" = 3. This behavior accounts for the original 
underestimation of the dissociation energy from 
a Birge-Sponer extrapolation of the v” = 0 to 3 
data, and it supports the reanalysis proposed by 
Petersson and Shirley (/8). 

The full potential energy curve was recov- 
ered from the data presented in Table 1 by least- 
squares fitting of an analytical potential energy 
function to reproduce the observed vibrational 
and rotational energies. The eigenvalues of the 
potential were obtained by numerical integration 
of the Schrédinger equation. Le Roy’s DPotFit 
computer code (25, 26) was used for these cal- 
culations. A satisfactory fit, within two SDs for 
the experimental uncertainties, was obtained 
with the use of the expanded Morse oscillator 
(EMO) function to represent the potential. This 
function was defined by the expressions 


Vir) = D.[1 — eo") vey (1) 
2 p_wpri 
= : : Vref 
o(r) = », OF (5 = s) (2) 


with p = 4 and rye¢ = 2.45 A. Fitted parameters 
for this potential (D., ;, and r.) are given in 
Table 1, along with the calculated vibrational 
energies and rotational constants. The dissocia- 
tion energy obtained from this analysis was D, = 
929.7 + 2.0 cm’. 

The fitted potential function and associated 
vibrational levels are shown in Fig. 3. The v” = 
10 level has its outer turning point near 7.9 A, 
so the long-range segment of the potential is 
well defined by the range of vibrational states 
characterized. For comparison, Fig. 3 also de- 
picts a Morse potential energy function that 
was constructed to reproduce the measured 
dissociation energy and the harmonic vibra- 
tional constant. The marked difference between 
the attractive limbs of these curves highlights 
the anomalous long-range behavior of Be(X). 
Petersson and Shirley (/8) made the reason- 
able assumption that the long-range potential 
could be represented by —C,/r®, but the present 
results show that this is a poor approximation 
for r< 8 A. Attempts to fit the data with the use 
of a hybrid Morse Oscillator/Lennard-Jones 
potential (25) yielded results that were in- 
ferior to those obtained with the EMO function. 
Petersson and Shirley’s (/8) extrapolated val- 
ue for D, was an improvement over the Birge- 
Sponer analysis, but, because of the deviation 
from the —C,/7° form, still too low. Comparison 
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with the (7;2)MRCI curve of Gdanitz (/5) indi- 
cates that this ab initio method, combined with a 
large basis set, recovered the true shape of the 
potential. The differences between Spirko’s (20) 
potential energy curve and the fitted potential 
are too small to be seen as the scale of the plot 
shown in Fig. 3. To illustrate the differences, the 
vibrational energies and rotational constants 
generated from Spirko’s (20) potential can be 
compared with the present results in Table 1. 
The close agreement shows that the reduced 
potential curve model is capable of achieving 
near spectroscopic accuracy. 

The shape of the Be, potential energy curve 
is quite different from that of a standard Morse- 
like potential, and it is equally far away from a 
simple physical potential such as the Lennard- 
Jones model. Bez is unique in this respect as 
the related dimers of closed-shell metal atoms 
Mg» (27), Caz (28), Zn2 (27, 29), and Hg» 
(29) exhibit typical Morse—van der Waals type 
potentials. 

The measurements reported here resolve the 
question of the dissociation energy for Be2(X) 
and define the potential energy curve for inter- 
nuclear distances less than 8.5 A. The unusual 
shape of the attractive limb of the ground-state 
potential reflects the evolution of the configura- 
tional mixing that occurs as the atoms approach. 
Hence, Bez shows atoms passing through stages 
of orbital hybridization as they form an incipient 
chemical bond. Theoretical analyses indicate that 
chemical and physical interactions are finely ba- 
lanced at the equilibrium distance (/4, 17, 30). 
As a result, the Bey molecule has a weak bond, 
but a bond length that is more characteristic of a 


conventional covalent interaction. Our experi- 
mentally determined potential energy curve es- 
tablishes a benchmark for tests of high-level 
theoretical methods for treatment of configura- 
tional mixing and electron correlation. Given 
that such interactions are also especially im- 
portant in the treatment of excited electronic 
states and transition state regions of the po- 
tential energy surface, one can hope to assess 
the reliability of quantum chemical methods in 
situations where they are applied to regions of the 
potential energy surface that are not easily probed 
by experiment. 
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Atmospheric Carbon Dioxide Concentration 
Across the Mid-Pleistocene Transition 


Barbel Honisch,* N. Gary Hemming,*? David Archer,? Mark Siddall,’ Jerry F. McManus? 


The dominant period of Pleistocene glacial cycles changed during the mid-Pleistocene from 
40,000 years to 100,000 years, for as yet unknown reasons. Here we present a 2.1-million-year 
record of sea surface partial pressure of CO2 (Pcoz), based on boron isotopes in planktic foraminifer 
shells, which suggests that the atmospheric partial pressure of CO2 (pcoz) was relatively stable 
before the mid-Pleistocene climate transition. Glacial Pcoz was ~31 microatmospheres higher 
before the transition (more than 1 million years ago), but interglacial Pcoz was similar to that of 
late Pleistocene interglacial cycles (<450,000 years ago). These estimates are consistent with a 
close linkage between atmospheric CO2 concentration and global climate, but the lack of a gradual 
decrease in interglacial Pco does not support the suggestion that a long-term drawdown of 
atmospheric CO, was the main cause of the climate transition. 


period around 1250 to 700 thousand years 

ago (ka), when global climate variability 
changed from the dominant 40-thousand-year (ky) 
orbital period of the Pliocene/early Pleistocene 
to the 100-ky ice-age cycles of the past 700 ky 
(J-3). Orbital variation does exert some forcing 
on the 100-ky time scale, but it is relatively weak 


T= mid-Pleistocene transition (MPT) is the 
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and seems a feeble explanation for the 100-ky ice 
ages. The change in periodicity was accompanied 
by a gradual increase in value and amplitude of 
the oxygen isotopic composition of benthic fora- 
minifer shells, suggesting that total ice volume 
increased and/or deep-water temperatures prob- 
ably decreased over the MPT (3, 4). It has been 
suggested the MPT was caused by global cool- 


ing, possibly due to a long-term decrease in atmo- 
spheric CO, concentrations (5), but the evidence 
is inconclusive. Sea surface temperature (SST) 
estimates from eastern basin upwelling areas 
(6-9) are consistent with substantial cooling, but 
estimates from the western Pacific warm pool 
(WPWP) indicate relatively stable temperatures 
across the transition (/0, /7). Because the WP WP 
is an area particularly sensitive to changes in ra- 
diative forcing, that temperature stability has been 
used to argue that a secular decrease in atmo- 
spheric partial pressure of CO, (pco,) did not 
occur (/0). In contrast, another study observed 
higher glacial SSTs before the MPT and ascribed 
these to changes in greenhouse forcing (//). 
Thus, there currently is no direct evidence sub- 
stantiating any long-tem trend in pco. 

The most accurate archive for atmospheric 
pCO, comes from ancient air trapped in polar ice. 
Ice core records reveal that pco2 varied between 


Department of Earth and Environmental Sciences, Lamont- 
Doherty Earth Observatory of Columbia University, NY 10964— 
8000, USA. School of Earth and Environmental Sciences, 
Queens College, New York, NY, 11367-1597, USA. 3Depart- 
ment of Geophysical Sciences, University of Chicago, Chicago, 
IL 60637, USA. “Department of Earth Sciences, University of 
Bristol, Bristol, UK. 


19 JUNE 2009 


1551 


i REPORTS 


1552 


180 and 300 parts per million by volume (ppmv) 
during the last four glacial cycles (/2) and be- 
tween 172 and 260 ppmv for the period from 800 
to 450 ka (13, 14). Contrary to the suggestion that 
pCO, decreased toward the late Pleistocene, the 
earlier pco, amplitude and average were lower 
than in the more recent past. However, existing 
ice core records are limited to the past 800 ky, and 
no ice core data are available for the full duration 
of the MPT. 

Because CO; is well mixed in the atmosphere 
over the time scale of a few years, and because 
CO, is exchanged rapidly between the surface 
ocean and atmosphere, marine proxy records of 
past sea surface carbonate chemistry can place 
constraints on past atmospheric pco. The boron 
isotopic composition of planktic foraminifer shells 
is a proxy for past seawater pH. This proxy is 
based on the equilibrium reaction between the 
two dominant species of dissolved boron in sea- 
water and the isotope fractionation between the 
two species [supporting online material (SOM)). 
Atmospheric pco, can be estimated from the 
boron isotopic composition of those shells if (1) 
aqueous partial pressure of CO, (Pco2) at the 
core site is in equilibrium with atmospheric pco, 
and (ii) another carbon parameter of the water in 
which the foraminifers grew is known. Using rea- 
sonable assumptions about seawater alkalinity, 
quantitative replication of select intervals of the 
Vostok pco record from boron isotopes in the 
planktic foraminifer Globigerinoides sacculifer 
(75) has demonstrated the validity of this method. 

Here, we extend the existing 400-ky boron iso- 
tope record from Ocean Drilling Program (ODP) 
site 668B beyond the MPT to 2.1 million years 
ago. ODP site 668B is located on the Sierra Leone 
Rise in the eastern equatorial Atlantic (4°46'N, 
20°55'W) at a water depth of 2693 m. Nearby 
oceanographic data (from World Ocean Circula- 
tion Experiment cruise A15, station 34) indicate 
that in the modern ocean, aqueous Pco, and 
atmospheric pco are in equilibrium. Reconstruc- 
tion of the local marine carbonate chemistry thus 
allows us to estimate Pco, and infer pco>. 

From this sediment core, we constructed a 
high-resolution oxygen isotope (8'%O) record 
from shells of the surface-dwelling G. ruber. The 
record allows us to establish an age model, which 
is simultaneously tied (/6) to the stack of 57 
globally distributed benthic 8'O records [the 
LR04 stack (4)] and the planktic '%O record of 
ODP site 677 (17). Large G. sacculifer shells 
were selected from extreme glacial and inter- 
glacial samples and transitional periods for boron 
isotope analysis (fig. S1 and SOM). Boron iso- 
topes were measured by negative thermal ioniza- 
tion mass spectrometry and complemented by 
Mg/Ca analyses on small shells of G. ruber for 
temperature reconstruction (see SOM for further 
details). Boron isotope data were then converted 
into pH estimates, using the empirical calibration 
for G. sacculifer (18) and following the proce- 
dure outlined in (/5). Mg/Ca-based SSTs were 
estimated according to the method of (/9). The 


salinity effect on Mg/Ca temperature estimates 
discovered by (20) has been considered but found 
to be of negligible importance for Pco, estimates 
(SOM). 


In order to translate the pH estimates into 
PcO, a second parameter of the carbonate system 
is required, such as [CO3 ] or alkalinity. An eval- 
uation of methods to estimate this second param- 
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Fig. 1. 2.1-million-year estimation of atmospheric pcoz from marine proxies recorded at ODP site 
668B in the eastern equatorial Atlantic. (A) The LRO4 benthic oxygen isotope stack (4) reflects the 
change from the dominant 40-ky periodicity of glacial cycles before 1200 ka to the 100-ky ice-age 
cycles of the past 700 ky. The MPT is indicated by the horizontal gray bar and describes the transition 
period. (B) Planktic 5°"B data reflect extreme glacial and interglacial times and few transitional 
periods, selected from the 87°0 record, and are complemented by (C) Mg/Ca SST estimates and (E) 
local salinity estimates computed from (D) modeled global sea level (21). (F) Surface seawater pH on 
the seawater scale (SWS) was calculated as a function of 5°"B, SST, and salinity. (G) Alkalinity 
estimates are based on a modeled global ocean estimate (3), adjusted to modern local alkalinity at 
the core site and varying sea level. (H) Surface ocean aqueous Pco was then calculated as a function 
of pH, alkalinity, SST, and salinity. Comparison with the ice core record of atmospheric pco2 [dark red 
line in (H)] reveals a remarkable match for the period from 800 ka to the present. Average glacial and 
interglacial Pco2 is indicated by solid horizontal black lines for different intervals in (H). Dashed lines 
indicate G/I averages. Error bars indicate the propagated error of the individual pH, SST, salinity, and 
alkalinity uncertainties on the Pcoz estimate (see SOM for details). 
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eter is given in the SOM. We followed a similar 
procedure to that outlined in (/5), bracketing the 
potential variations in whole-ocean inventory of 
alkalinity between two possibilities: (1) Alkalinity 
remained constant in the past (constant alkalinity 
scenario); and (ii) alkalinity varied as a function 
of past terrestrial weathering, ocean CaCO; pro- 
duction, and sediment dissolution rates [varying 
alkalinity scenario, after (3)]. The degree to which 
local salinity and alkalinity were increased during 
glacial periods, when sea level was lower, was 
approximated with the global sea-level estimate 
determined by (2/) relative to average ocean depth 
(see the SOM for further details and additional 
validation of this approach). 

The pH, temperature, and Pco, estimates are 
shown in Fig. 1. The pre-MPT ocean chemistry 
revealed from 8!'B is characterized by less basic 
glacials (pH 8.24 + 0.03, 1 SD) relative to the 
post-MPT (pH 8.29 + 0.02), whereas interglacial 
pH is comparable between the two intervals (pH 
8.14 + 0.02 and 8.14 + 0.03, respectively). Several 
uncertainties were considered for the Pco cal- 
culation (SOM) but were found to be of minor 
importance. The only significant Pco, difference 
stems from the choice of alkalinity, where a total 
difference in alkalinity of up to 221 umol kg ! 
between scenarios results in a maximum Pco 
difference of 27 microatmospheres (uatm) and 
an average difference of 17.7 atm (fig. S1 and 
SOM). The Pco, estimates presented here are 
based on the varying alkalinity scenario [after 
(3)], in which weathering of the Canadian Shield 
modulates 4% of global weathering rates. Although 
all Pco; estimates are very similar, this one yields 
the best match with the measured atmospheric 
pCO, over the past 800 ky (fig. S1 and SOM). 
According to this scenario, our proxy estimates 


tope stratigraphy, the values and amplitudes of 
our reconstructed Pco, cycles show good agree- 
ment with ice core measurements (Table 1). The 
ice core pco, data for the intervals 0 to 418 ka 
(180 to 300 ppmv range, 239 ppmv average) and 
540 to 800 ka (172 to 260 ppmv range, 221 ppmv 
average) (/2—/4) are remarkably consistent with 
our marine proxy estimates for those intervals 
(184 to 297 atm range, 241 uatm average; and 
181 to 252 atm range, 217 atm average, respec- 
tively). In addition, the exceptionally low pco2 
(172 ppmv) measured in ice cores during marine 
isotope stage (MIS) 16 is reflected in a similarly 
low boron isotope estimate of 167 + 13 patm. 
Our reconstructed pH and Pco2 changes also 
agree well with the climate signal recorded in 
the LR04 stack (4): Extreme interglacial benthic 
3'°O was relatively constant over the course of 
our 2.1-million-year record [3.2 to 3.5 per mil 
(%o)], but extreme glacial benthic 8'80 increased 
from 4.3%bo at 2.1 Ma to 5.1%0 for the post-MPT 
glacials (Fig. 1). The relatively less extreme gla- 
cials of the pre-MPT are thus reflected in a smaller 
land ice extent and/or warmer deep-sea tempera- 
tures and correlate well with higher glacial pcop. 
Our data are also consistent with SST reconstruc- 
tions from the WPWP indicating warmer glacial 
SSTs pre-MPT as compared to post-MPT, but 
similar interglacial SSTs (//). Strong correlations 
also exist between sub-Antarctic alkenone SST 
and ice core change in temperature and between 
the abundance of alkenones in ODP site 1090 and 
pCO, measured in ice cores (22). The record covers 
only 1.1 million years but agrees well throughout 
with our boron isotope reconstruction. In particu- 
lar, the alkenone record shows exceptionally high 
SST and exceptionally low alkenone abundance 
for MIS 25 (950 ka), suggesting high pco, of 
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glacials, because pre- and post-MPT interglacial 
Pco; are statistically indistinguishable (Table 1). We 
use a logarithmic climate sensitivity equation (23) 
with an average equilibrium temperature change 
of 5 K for doubling CO3. This temperature change 
is at the high end of CO) sensitivity estimates on 
short time scales but is more appropriate for the 
longer time scales considered here, which include 
slow feedbacks such as ice-sheet albedo effects 
(24). Based on this sensitivity, the global average 
surface air temperature during pre-MPT glacials 
was 1.06 K warmer than during post-MPT gla- 
cials. In comparison, the mean global tempera- 
ture change from the Last Glacial Maximum to 
the preindustrial period is 3.3 to 5.1 K [as esti- 
mated by the Paleoclimate Model Intercomparison 
Project (25)]. Consequently, the average pre-MPT 
G/I global temperature change was ~30% smaller 
than during the past 400 ky. However, the smaller 
temperature range does not imply a gradual decline 
in greenhouse forcing over the MPT. Although the 
average G/I pco2 was ~7 atm higher before the 
transition (Table 1), this difference is entirely a re- 
sult of higher glacial pco2. The higher glacial pco, 
is consistent with the warmer glacial SSTs, ice ex- 
tent, and/or deep-sea temperatures, but interglacial 
pCO was similar before and after the transition. We 
therefore conclude that CO, was unlikely to have 
been the main driver of the MPT. We also conclude 
that present-day atmospheric pco; is the highest it 
has been for the past 2.1 million years, requiring a 
search for an analog for present-day conditions, 
possibly during the time before the acceleration of 
Northern Hemisphere glaciation before 2.7 million 
years ago. 
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Fossil Plant Relative Abundances 
Indicate Sudden Loss of Late Triassic 
Biodiversity in East Greenland 


Jennifer C. McElwain,** Peter J. Wagner,” Stephen P. Hesselbo? 


The pace of Late Triassic (LT) biodiversity loss is uncertain, yet it could help to decipher causal 
mechanisms of mass extinction. We investigated relative abundance distributions (RADs) of 

six LT plant assemblages from the Kap Stewart Group, East Greenland, to determine the pace of 
collapse of LT primary productivity. RADs displayed not simply decreases in the number of taxa, but 
decreases in the number of common taxa. Likelihood tests rejected a hypothesis of continuously 


declining diversity. Instead, the RAD shift occurred over the upper two-to-four fossil plant 
assemblages and most likely over the last three (final 13 meters), coinciding with increased 
atmospheric carbon dioxide concentration and global warming. Thus, although the LT event did not 
induce mass extinction of plant families, it accompanied major and abrupt change in their 


ecology and diversity. 


cological theory shows that relative abun- 
dance distributions (RADs) provide impor- 
tant information on the ecological assembly 
rules for communities in both the present (/, 2) 
and past (3). The general ecological rules that 
underpin community assembly are also inde- 
pendent of species composition, thus providing 
a metric of past diversity that is applicable to 
communities of disparate composition, phylo- 
genetic history, and age (/, 2). Differences among 
RADs reflect differences in dominance and 
rarity as well as richness. RADs describe dom- 
inance and rarity more exactly than does even- 
ness (1.e., uniformity of abundances) alone (4). 
Hypotheses of ecological deterioration make 
predictions about changes in RADs over time 
without necessarily predicting extinction (5, 6). 
Therefore, if prolonged ecological deterioration 
precedes a mass extinction, then RADs could 
reveal ecological deterioration better than rich- 
ness or evenness alone. 
We use RADs to examine the pace of diver- 
sity loss leading to the Triassic-Jurassic boundary 
(TJB). The TJB extinction is one of the five 
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greatest in Earth history (7), but the pace of bio- 
diversity loss remains uncertain ($—/2). This ham- 
pers our ability to distinguish between competing 
hypotheses on the causal mechanisms of the TJB 
mass extinction. Gradual extinction patterns have 
been reported. RADs offer an opportunity to re- 
examine the pace of LT biodiversity change in 
greater detail than provided by either changes in 
richness or evenness. 

We assessed trends in RADs over six tapho- 
nomically similar Rhaetian aged fossil plant beds 
from Astartekloft, East Greenland (/0). First, we 
determined the most likely RAD model for each 
bed based on the expected number of taxa with x 
specimens given the observed sample size (3). 
We considered four RAD models: geometric and 


the zero-sum multinomial, which are governed 
largely by ecological succession (/, 2); and log- 
normal and Zipf, which are governed by increasing 
ecospace due to facilitation or niche construction 
(1). Because the different RADs do not represent 
special cases of each other, we use Akaike’s mod- 
ified information criterion to choose the best 
model (3, /3). 

Second, we assessed a series of increasingly 
complicated temporal models of LT plant diver- 
sity change. We did this by assessing the like- 
lihood of a range of models, and thus the joint 
likelihood that 2+ assemblages shared the same 
RAD. Because not all beds fit the same RAD 
model, we labeled each model with a more gen- 
eral aspect of diversity: the hypothesized number 
of genera (S) with frequency greater than 10 ° 
(Sy>10-«). In order of increasing complexity, we 
considered (i) uniform diversity over the whole 
Rhaetian-aged portion of the Astartekloft section 
(AS;>10-s = 0); (ii) linear diversity decrease over 
the same interval (AS;.10-s < 0); (ili) static diver- 
sity followed by linear decrease in the later Rhaetian 
portion of the section; (iv) static diversity followed 
by curvilinear decrease in the later Rhaetian portion 
of the section. 

The simpler temporal models are special cases 
of the more complicated temporal models. Thus, 
we can use log-likelihood ratios to test whether a 
more complicated temporal model is significantly 
better than a simpler one (/4). We tested hypoth- 
esized RAD shifts by how well those hypotheses 
predict observed abundances given the best gen- 
eral RAD model and the hypothesized shift in 
Sy>19-, not by how well they predict the best ex- 
act model. Second, we reach identical conclu- 
sions using Sy>jo-s or Sp>j0-4. 


Table 1. Modified Akaike’s information criteria (AlCc) for best examples of each general RAD model. 
AlCc = —2 x InL[Hldata] x n/(n — k —1), where H is the best hypothesis from each model, n is the number 
of specimens, and k is the number of parameters (k = 1 for geometric; otherwise k = 2). The lowest AlCc 
value (bold) gives the best fit (23). 


RAD model AlCc 


Bed Taxa n Geometric Zero sum Lognormal Zipf 
1 13 224 91.6 96.9 97.2 123.3 
15: 9 62 50.8 54.4 52.6 52.4 
2 12 258 96.8 99.0 98.9 107.6 
3 9 525 68.0 124.3 62.3 62.6 

11 876 96.1 97.5 124.3 162.5 
5A 7 275 52.4 60.9 63.4 76.1 
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Fig. 1. Trends in Late Triassic plant community relative abundance A Pe 
distributions (RADs) and diversity for Astartekloft, East Greenland. << i Bed_ 
(A) Best-fit RAD hypotheses for each bed. (B) Most likely richness of 10°71 * . - 
genera with f > 10° for each bed (S;.10-). Bars give 1-unit support oh am 
(i.e., InL < 1 less than maximum); bar width decreases both with = 10-2 on 22 
increasing sample size and increased fit of general model to the Q ex oc «15 
data (24). Lines give predicted diversity given the best hypothesis 0) 10 x ete x1 
from three different models of diversity change over meters of 6 10-4 0% tee 
sediment. m in the equations gives meters beyond 13 mand37m_ 6 . “Sa Mie 
(the heights of apparent shifts). The final hypothesis has one more = 10°5 x ag “Ke % 107_ _ Sp.498 = 40.4 - 0.761*m 
parameter, as 5; is static until bed 3. S : Se ™* es, The, 9 IS pi08= 34.1 - 2.971*m + 0.116m 
a 10 0 5 10 15 20 25 30 35 40 10 15 20 25 30 35 40 45 
Rank Abundance of Taxon Meters (m) 
Table 2. Hypotheses of changing diversity going 80 B Cl 
up-section, given here as the changing numbers of = 
taxa (5) with relative abundance >10 ©. k gives the gs 
number of varying parameters for each hypothesis. 70 TS 
InL gives the log-probability of all observed abun- 2 
dances given the hypothesis and the best model 60: to 
from Table 1. P gives the probability of the differ- = 2 
ence in log-likelihoods if the simpler hypothesis is £ 50 13] g0% 
correct. Because simple hypotheses are special cases > lé-species 
of the complex hypotheses, we assess P using log- + turnover 
likelihood ratio tests. The best 3k hypothesis, linear ae les 
decrease in diversity over the last 13 m, is omitted ic 
as it is worse than the best 2k hypothesis. 30: 78 
ie 
Hypothesis k InL P 20 lg 
Sf>10-6 = 19.9 1 —232.7 = 8 
Sporo-s = 40.4915.1 2 -224.8 7.0 x 10° 10 | 
Spoto-s = 34.1515.1 4 -220.7 0.018 
in last 13 m 0 ; 4, po 4 + ls 
-28 -26 -24 10 20 30 40 50 1000 2000 
Like confidence-interval studies [e.g., (15)], 3'°C wood (PDB) Sis10°6 CO, (ppmV) 


RADs account for unsampled taxa, with lower 
sample sizes leading to best-fit RADs positing 
greater numbers of unsampled taxa (3). Al- 
though samples from the same RAD over time 
will show gradual last occurrences of taxa [the 
Signor-Lipps effect (/6)], our likelihood tests 
will show indistinguishable RADs and thus sug- 
gest constant diversity (/7). Thus, the Signor- 
Lipps effect cannot create trends in RADs, even 
if sampling decreases up-section. The RAD ap- 
proach has the two additional advantages of 
implying changes in rarity among (unspecified) 
unsampled taxa and requiring fewer fossilif- 
erous horizons, as the statistical power comes 
from the number of sampled fossils rather than 
the number of occurrences. 

We analyze genera rather than species. Be- 
cause 95% of fossil plant genera in Kap 
Stewart Group strata have monospecific oc- 
currences within plant beds (/0), species-level 
patterns cannot differ too greatly from genus- 
level patterns. Moreover, most species deter- 
minations for the Kap Stewart flora reflect 
leaf surface micromorphological traits (/8), 
which might not be taxonomically reliable 
(10). Genera also add a conservative bias, as 
the greater taxon numbers provided by species 
would increase our ability to recognize differ- 
ent RADs. 
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Fig. 2. Trends in fossil wood stable carbon isotopic composition (573C,,.,4), plant diversity, and 
atmospheric CO. concentration. (A) Compilation of published (9) 5°?Cyooq data from Astartekloft, 
East Greenland, showing LOESS smoothed trends (using Gaussian kernel function (20). (B) Best 
hypothesis of plant diversity change (dotted line) plus the best hypothesis postponing that shift 
(gray line). Sp10-« is the hypothesized number of genera with f > 10~°; the same results are 
achieved with f > 10~° or f > 10~*. (C) Record of atmospheric CO> concentration in ppmv derived 
from stomatal analysis of fossil Ginkgoales leaves from Astartekloft and other localities within 
Jameson Land (8). 57Cyoog from the same section show a marked decrease, and atmospheric CO 
concentration increases within the stratigraphic range of the plant diversity decrease. 


Taphonomic studies demonstrate that de- 
spite some general biases [see (/0) for further 
discussion], leaf litter from temperate and rela- 
tively low diversity subtropical floodplain for- 
ests provides a relatively accurate indication 
of both the richness and the dominance- 
diversity relationship of the live forest com- 
munity (9). We assume that similar processes 
affected leaf litter on and preservation from 
LT floodplain forests of East Greenland (/0). 
RADs of census-collected fossil leaf collec- 
tions from Greenland should therefore elucidate 
patterns of changes in LT plant community 
assembly and diversity for this region. All six 
LT fossil plants beds at Astartekloft [with the 
exception of bed 5 (/7)] likely represent a ge- 
ologically instantaneous sample of the stand- 
ing plant community preserved during river 


flooding on one or several occasions. RADs 
from these beds are therefore unlikely to be 
subjected to any significant time averaging, 
which can result in lognormal RADs by mix- 
ing of different exponential distributions (3). 
All beds except bed 3 best fit geometric 
RADs; bed 3 best fits a lognormal RAD (Table 
1 and Fig. 1A). This suggests that LT plant com- 
munities were predominantly assembled by 
simple niche-partitioning rather than more com- 
plex assembly rules (3). More important, the 
best RADs for each bed show a distinct trend 
toward increasing slope moving up-section and 
thus decreasing diversity through time (Fig. 
1A), especially above 35 m (Fig. 1B). The best 
hypothesis of continuously decreasing plant di- 
versity (where S;sjo-« declines by 0.777 per 
meter; Fig. 1B) is significantly more likely than 
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is the best hypothesis of static diversity (Table 2). 
The likelihood improves significantly more given 
a hypothesis of an identical geometric RAD for 
the first three beds (the first 24 m) and de- 
creasing diversity decreasing markedly over 
the last three beds [the final 13 m (/7)]. Var- 
iations on the final model show that we cannot 
reject the idea that the plant diversity shift is 
concentrated in the upper 9 m of the Rhaetian 
aged Astartekloft sedimentary rocks (beds 3 to 
5A; Fig. 2), although we can reject the ideas 
that the shift was distributed over the upper 23 m 
(beds 1.5 to SA) or the upper 6 m (beds 4 and 
5A). Regardless of the exact timing, a hypoth- 
esis of continuous, gradual plant diversity loss 
suggested by richness decrease alone (/0) is 
not tenable (20). 

Environmental degradation on ecologic time 
scales decreases community diversity and com- 
plexity and increases RAD slopes (5, 6). We see 
the same pattern here, but on an evolutionary 
time scale. If sedimentation for the section was 
fairly constant and if the Rhaetian is completely 
represented, then the shift in RADs most likely 
begins approximately 300,000 to 500,000 years 
before the TJB. Extraordinarily high sedimenta- 
tion rates would be required for beds 3 to 5 to 
represent a snapshot of ecologic time-scale pro- 
cesses. Conversely, large decreases in sedimen- 
tation rates over beds 3 to 5 relative to beds 1 to 2 
are required to salvage the hypothesis that diver- 
sity decreased continuously through the section. 
There is no sedimentological or taphonomic sup- 
port for either proposition. 

Within uncertainties, the abrupt diversity loss 
coincides with a moderate +0.95%o positive ex- 
cursion in organic matter carbon-isotope compo- 
sition (Fig. 2) just before the onset of the main 
TJB negative carbon isotopic excursion (9). These 
results suggest that the decline in plant diversity 
at Astartekloft coincided with a major transition 
between different states in the global carbon cycle 
from predominantly 'C-sink to '*C-source pro- 
cesses. Available low-resolution CO, records in- 
dicate that the diversity loss occurred between 
minimum CO, values reported for the interval 
[480 + 160 parts per million by volume (ppmv)] 
at 32 m and maximum values (1240 + 400 ppmv) 
at 47 m (8) and coincided with a major sea- 
level fall across Europe (//, 2/). Concurrently, 
the inferred global mean surface temperature 
difference from present (AGMST) changed 
from 2 + 1.0°C to 7 + 1.0°C AGMST (8). 
Interpolating between available CO. estimates 
indicates that the sudden diversity drop be- 
tween 33 and 37 m coincided with a mere ~100 
to ~350 ppmv rise in CO, concentration. This 
was followed by a more protracted diversity 
decline with a lessening slope approaching the 
TJB, as atmospheric CO, (8) and estimated 
AGMST increased to their respective maximum 
values (2/). Therefore, although CO,-induced 
global warming was likely an important con- 
tributory factor to plant species turnover at the 
TJB (46 m), an alternative or additional trig- 


gering mechanism for the abrupt loss of plant 
diversity between 33 and 37 m at Astartekloft 
may be possible. 

We cannot extrapolate the vegetation re- 
sponses from one locality globally. However, 
global hypotheses for the end-Triassic extinc- 
tions must predict local patterns; thus, hypothe- 
ses failing to predict the Kap Stewart patterns 
are unlikely as global explanations. Moreover, 
the most parsimonious explanation for the trends 
we observe is that they represent regional re- 
sponses to global environmental change. This 
argument is supported by the observation that the 
highest occurrences of plant species at Astartekloft 
at ~46 m are contemporaneous with those from 
12 other Kap Stewart Group localities (78) and 
that high turnover of fossil plant taxa within the 
TJB interval has been recorded in North America 
(22), UK (21), Sweden (18), Spain (23), Austria 
(24), and Italy (25). Cross-correlation of the sta- 
ble carbon isotopic profiles from across the globe 
(9, 21, 24, 25) suggests that the abrupt loss in 
plant diversity at Astartekloft began at the onset, 
not the zenith, of the main global carbon iso- 
topic excursion and before turnover of 90% of 
macrofossil plant species in the Jameson Land 
region (/0, 18). Palynology further supports 
this temporal correlation as the first appear- 
ance of the morphospecies Cerebropollenites 
thiergartii coincides with the turn to more neg- 
ative 5'°C values in TJB sections at Astartekloft 
(26), St Audries Bay (UK), and Tiefengraben 
(Austria) (24). The abrupt loss in Astartekloft 
plant diversity also coincides with several pat- 
terns indicating severe environmental distur- 
bance to the marine environment, including 
turnover (27) and extinction of shallow marine 
shelly invertebrates (25), a shallow-water car- 
bonate production crisis (2/), and at least local- 
ized proliferation of green algal phytoplankton 
(21, 24). 

The abrupt plant diversity loss between 33 
and 37 m is consistent with expected plant re- 
sponses to a catastrophically rapid rather than 
gradual environmental change and argues against 
the currently favored extinction mechanisms in- 
voking gradual CO>-induced global warming due 
to slow release of CO, from the mantle asso- 
ciated with extrusion of basalt over an area of 
>10 million km* (CAMP; Central Atlantic Mag- 
matic Province) (9, 0). Proposed mechanisms of 
rapid environmental change include a meteorite 
impact (/2), exhalation of thermogenic methane 
or other gases generated by intrusion of CAMP 
sill magma (//), sulfur dioxide aerosol release 
during CAMP eruptions (28), or biogenic meth- 
ane release from gas hydrates (29). An alternative 
explanation for the abrupt diversity loss is that it 
represents a threshold response of LT vegetation 
to relatively minor increases in CO, concentra- 
tion and/or global temperature. High-resolution 
proxy CO, and SO, records, coupled with con- 
trolled environment experiments, are required to 
test further the primary drivers of abrupt LT bio- 
diversity loss. 
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The WHO Rapid Pandemic Assessment Collaboration 


A novel influenza A (H1N1) virus has spread rapidly across the globe. Judging its pandemic 
potential is difficult with limited data, but nevertheless essential to inform appropriate health 
responses. By analyzing the outbreak in Mexico, early data on international spread, and viral 
genetic diversity, we make an early assessment of transmissibility and severity. Our estimates 
suggest that 23,000 (range 6000 to 32,000) individuals had been infected in Mexico by late April, 
giving an estimated case fatality ratio (CFR) of 0.4% (range: 0.3 to 1.8%) based on confirmed and 
suspected deaths reported to that time. In a community outbreak in the small community of La 
Gloria, Veracruz, no deaths were attributed to infection, giving an upper 95% bound on CFR of 
0.6%. Thus, although substantial uncertainty remains, clinical severity appears less than that seen 
in the 1918 influenza pandemic but comparable with that seen in the 1957 pandemic. Clinical 
attack rates in children in La Gloria were twice that in adults (<15 years of age: 61%; >15 years: 
29%). Three different epidemiological analyses gave basic reproduction number (Ro) estimates in 
the range of 1.4 to 1.6, whereas a genetic analysis gave a central estimate of 1.2. This range of 
values is consistent with 14 to 73 generations of human-to-human transmission having occurred in 
Mexico to late April. Transmissibility is therefore substantially higher than that of seasonal flu, and 
comparable with lower estimates of Rp obtained from previous influenza pandemics. 


n 29 April 2009, the World Health Orga- 
@) nization (WHO) announced that the rapid 

global spread of a strain of influenza A 
(H1N1) virus detected in the previous week war- 
ranted moving the global pandemic alert level to 
phase 5 (www.who.int/csr/disease/swineflu/). 
Phase 5 indicates sustained human-to-human trans- 
mission of a novel influenza strain of animal origin 
in one WHO region of the world, and exported 
cases detected in other regions. In this outbreak, 
the earliest affected country may have been Mexico, 
with many cases in other nations associated with 
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travels from that country. There are uncertainties 
about all aspects of this outbreak, including the 
virulence, transmissibility, and origin of the virus, 
and this in turn results in uncertainty in judging 
the pandemic potential of the virus and when re- 
active public health responses, such as recommen- 
dations to stay at home or to close schools, should 
be implemented in individual countries. Here we 
report findings of key early investigations into the 
outbreak that could aid such policy decisions. 

The presence of fatalities [29 confirmed plus 
88 suspected deaths in Mexico as of 4 May 2009 
(2), 1 confirmed in the United States as of 5 May 
2009 (2)] is not necessarily indicative of the viru- 
lence of the infection. The interpretation of these 
statistics depends on the total number of infec- 
tions, including those with mild infection or who 
are asymptomatic, which is currently unknown, 
given the absence ofa specific serological test for 
the new HIN1 influenza strain and associated 
population-level screening. As of 4 May 2009, 
11,356 suspected and 822 laboratory-confirmed 
cases have been reported in Mexico (J), but these 
may represent an underestimate of true case num- 
bers as surveillance has understandably focused on 
severe cases. Furthermore, severe cases in older 
individuals will be more difficult to identify be- 
cause of the higher rate of respiratory illness in 
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those over 60 years of age (3), and this could 
result in an underestimate of overall morbidity. 
Right censoring of mortality data, which occurs 
when additional deaths subsequently arise among 
cases already included in surveillance data, can 
also bias estimates of the true case fatality ratio 
(4). Finally, suspected deaths may not all have 
been caused by infection with the novel virus. 
These uncertainties necessarily affect any estimate 
of the case fatality ratio (CFR). 

On the basis of international travel patterns, 
we would expect a proportion of cases of any 
infection spreading widely in Mexico to be ex- 
ported by travelers (5). Owing to intense surveil- 
lance for influenza-like illness in those returning 
from Mexico, ascertainment of early cases in new- 
ly affected countries was almost certainly more 
complete and rapid than local surveillance of mild 
cases in Mexico. Airline passenger flow out of 
Mexico shows a significant correlation with the 
frequency of detected confirmed cases worldwide 
(Spearman correlation coefficient: 0.56, P= 0.004) 
(Fig. 1, A and B). We thus use data on cases among 
travelers and backcalculation methods to estimate 
the total number of people infected in Mexico. 
Key underlying assumptions in this analysis are 
that population mixing in Mexico is equally like- 
ly between Mexican residents and tourists, and 
tourists and Mexican residents are at equal risk 
of infection (despite demographic and other dif- 
ferences). If infections are concentrated away from 
traveler destinations (Fig. 1E presents the spatial 
distribution, by state, of cases within Mexico by 
5 May), the number of people infected in Mexico 
will be underestimated, and conversely will be 
overestimated if the epidemic has dispropor- 
tionately affected geographical zones visited by 
travelers. Under the assumption that reporting of 
infections in travelers was complete, we estimated 
the number of infections that occurred in Mexico 
by late April from a model of the interval-censored 
country case counts, which varied between 18,000 
and 32,000 (Table 1), depending on the mean 
duration of stay of tourists assumed, with perhaps 
the most credible single value (based on journey 
duration data) being 23,000. An alternative model 
that assumed at least one case had been confirmed 
in every country affected by late April gave lower 
estimates of the number infected in Mexico, in the 
range of 6000 to 11,000. However, this model 
may be viewed as a worst case (from the perspec- 
tive of resulting CFR estimates), and it fitted the 
observed number of exported cases in key coun- 
tries (such as the United States and Canada) sub- 
stantially worse than did the first model. We used 
30 April 2009 as the cut-off date for the data 
analyzed, but the case data analyzed are subject 
to delays (clinical onset, testing, and reporting) of 
up to 1 week, so these estimates may be more rep- 
resentative of infections up to 23 April. The epi- 
demic has subsequently spread further, although 
the impact of the nonpharmaceutical interven- 
tions introduced in Mexico is not yet known. 

On the basis of the 9 confirmed and 92 sus- 
pected deaths that were reported by 30 April 2009 
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(6) and assuming similar times from infection to 
confirmation and from infection to death, we esti- 
mated CFRs in the range of 0.3 to 0.6% from the 
interval-censored case count model, based on con- 
firmed and suspected deaths combined, or 0.03 to 
0.05% for confirmed deaths only. Using the alter- 
native, more pessimistic, country presence/absence 
model, we estimated CFRs of 0.9 to 1.8% based on 
suspected and confirmed deaths, and 0.08 to 
0.16% from the confirmed deaths alone. These 
estimates have already changed somewhat as a 
result of data available after 30 April, but we de- 
liberately report the earlier analysis because it 
formed part of the evidence base used by WHO 
to move to phase 5. 

Another source of information on severity 
comes from the large outbreak of respiratory dis- 
ease seen in the small, isolated community of La 
Gloria in Veracruz province, one case of which 
has been confirmed to have been caused by the 
novel HINI strain. It is possible that other vi- 
ruses were circulating at the same time as the 
outbreak, but the overall attack rate is substan- 
tially larger than would be expected for a sea- 
sonal influenza outbreak. No fatalities among 616 
cases have been attributed to infection during the 
full period of surveillance of that outbreak (Fig. 
3A), giving a 95% confidence interval (CI) of 0 
to 0.60%. 

Data on the magnitude of the current outbreak 
in Mexico can also be used to estimate the trans- 
missibility of the virus if the start date of the 
outbreak is known or can be estimated. Epide- 
miological investigations into the emergence of 
the virus in Mexico have focused on the La Gloria 
outbreak, where the first case in that outbreak is 
thought to have occurred around 15 February 2009 
(Fig. 3A). 

An alternative approach to estimating the start 
date of the outbreak is to look at the diversity in 
the genetic sequences of viral samples collected 
from confirmed cases, assuming that diversity 
accumulates according to a molecular clock model. 
Twenty-three complete publicly available hemag- 
glutinin (HA) gene sequences from cases not 
linked in epidemiological clusters were analyzed 
with a Bayesian coalescent method that assumes 
exponential growth of the viral population (7). 
This yielded an estimate of the time of most 
recent common ancestor (TMRCA) of 12 
January 2009 [95% credible interval (Crl): 3 
November 2008 to 2 March 2009]. The genetic 
model also gave an estimate of the doubling 
time of the epidemic of 10 days (95% Cr: 4.5 
to 37.5 days) (Fig. 2). Assuming exponential 
growth, the TMRCA is a reasonable estimate 
of the start of the outbreak, although it is for- 
mally an upper bound due to incomplete sam- 
pling of the epidemic and the effects of the 
exponential model prior to distribution. These find- 
ings from a population genetic analysis are con- 
sistent with the epidemiological investigation of 
both the start and magnitude of the current epi- 
demic in Mexico. Figure 2 also shows a pre- 
liminary version of this analysis based on the first 


11 sequences, which gave similar estimates high- 
lighting the power of these methods. [See (8) for 
further sensitivity analysis and methods. ] 

The reproduction number, defined as the num- 
ber of cases one case generates on average over 
the course of their infectious period, is a key mea- 
sure of transmissibility and can be estimated in a 
number of ways from the data currently available. 

First, by assuming exponential growth, the 
growth rate of the epidemic (r) can be inferred 
from estimates of the current cumulative number 
of infections (Y;) and estimated start date and size 
for the outbreak (f9 and Yo, respectively). The 
basic reproduction number (Ry) can be estimated 
from the exponential growth rate if one also 
assumes that the generation time distribution for 
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the new HINI strain is similar to that of other 
strains of seasonal and pandemic viruses (9, /0) 
[Table 1 and (8)]. Using the date of 15 February 
as the first case of the La Gloria outbreak (8) 
gives reproduction number estimates of between 
1.31 and 1.42, depending on which variant of 
the geographical backcalculation model is used. 
Extending a more sophisticated Bayesian estima- 
tion method (//) that allows for stochastic varia- 
bility intrinsic to epidemic dynamics and parameter 
uncertainty gave similar but slightly higher esti- 
mates for Ro with wider ranges: posterior median = 
1.40; 95% Cri: 1.15 to 1.90 (Fig. 1C). 

Second, by assuming a prior distribution on 
the generation time distribution informed by pre- 
vious estimates of influenza, the Bayesian coa- 
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Fig. 1. (A). The number of passengers flying out of Mexico by actual destination and the number of 
confirmed cases as reported on 30 April 2009. (B) The number of cases exported to country j as 
reported on 30 April 2009 as a function of the estimated average number of foreign travelers in 
Mexico from country j on any given day in March or April. Black circles: minimal number based on 
one exposure per epidemiological cluster; filled red circles, total number of confirmed cases. (C) 
Mean assumed generation time distribution (red) and 100 illustrative draws from the prior 
distribution, and (D) corresponding posterior distribution of Ro estimates for a stochastic model of 
an epidemic within Mexico with travelers infected at a rate proportional to the estimated density of 
travelers per local resident. The two bar charts correspond to a 7-day delay between infection and 
confirmation (blue) and no delay (orange) in cases among travelers. (E) Number of acute respiratory 
infection cases per 100,000 inhabitants by state as reported on 5 May 2009 (1), demonstrating spatial 
distribution of disease within Mexico. 
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lescent population genetic analysis yielded a second 
set of estimates for Ro: posterior median = 1.22; 
95% CrI: 1.05 to 1.60 (Fig. 2C). 

Third, Ro can also be estimated from analysis 
of the dynamics of the epidemic within defined 
settings. Detailed data collected by the Mexican 
authorities investigating the La Gloria outbreak 
indicate that 616 individuals from a resident pop- 
ulation of 1575 had acute respiratory infection 
between 15 February and 14 April 2009 (Fig. 3A). 
Data on the age distribution of cases and the dates 
of disease onset were used in our analysis. Figure 
3B shows that the clinical attack rate varied mark- 
edly as a function of age, with 61% of individuals 
under 15 years old affected, dropping to 29% of 
people over that age. The corresponding relative 
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Fig. 2. (A) Starting from publicly available HA viral 
sequences, a posterior distribution of the estimated 
TMRCA was derived using a Bayesian coalescent 
model, which assumes exponential population growth 
(coded in BEAST 1.4), with the date of the first known 
human case highlighted. Details of the BEAST analysis 
and parameter estimates are presented in (8). 
Posterior distribution of the doubling time of the 
epidemic (B) and of Ro (C). The bar charts show the 
results obtained from the first 11 sequences available 
on 2 May 2009 (orange) and from an updated analysis 
with 23 epidemiologically unlinked sequences availa- 
ble on 7 May 2009 (blue). The differences in estimates 
arise due to some sequences in the smaller sample 
being from epidemiological clusters, highlighting the 
importance of careful sampling. 
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risk is 2.13, with a 95% CI of 1.89 to 2.39. Based 
on all confirmed cases in Mexico as reported on 
5 May 2009 (/), the corresponding relative risk is 
1.52 (95% C I: 1.33 to 1.73). The overall com- 
munity attack rates seen in La Gloria are com- 
parable to (or higher than) those seen in previous 
pandemics (/2). 

Fitting alternative epidemic models to the 
La Gloria data (8) demonstrated that a model 
with heterogeneous mixing by age plus age- 
dependent susceptibility to infection was required 
to adequately fit the data with plausible parameter 
estimates. The resulting maximum-likelihood 
estimate of Ry was 1.58 with a 95% CI of 1.34 
to 2.04 (Table 2). This analysis also provided the 
only independent estimate of the mean generation 
time, T, (1.91 days; 95% CI: 1.30 to 2.71 days) 
(Table 2), shorter than earlier estimates for in- 
fluenza (9, /0), though not significantly so. It is 
biologically plausible that Ro and T, could be cor- 
related, because both are linked to the underlying 
replicative fitness of the virus. More data are 
needed. Owing to parameter identifiability issues, 
it was not possible to estimate age-dependent 
infectiousness, as well as age-dependent mixing, 
from these data. Although these estimates are in- 
formative, it should be emphasized that some 
uncertainties remain regarding the denominator 
population and that a range of other models may 
fit the data as well as the model choice shown 
here. Household data would be particularly use- 
ful in reducing remaining uncertainty. 

Fourth, the time-dependent reproduction num- 
ber (R,) can be estimated from the time series of 
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reported disease onsets among confirmed cases in 
Mexico (Fig. 4). These data are subject to much 
uncertainty because of marked changes in surveil- 
lance over the reporting interval, plus the non- 
specificity of symptoms that are similar to existing 
and perhaps simultaneously circulating strains of 
influenza. However, we developed methods for 
analyzing such data (8) that account for substantial 
underreporting, with a change in the underreport- 
ing rate from 17 April when surveillance within 
Mexico was intensified. The average value of R, 
estimated for Mexico up until the end of April was 
1.37 (95% Cr: 1.24 to 1.59) for a model with 
Poisson case counts, and 1.47 (95% Cri: 1.21 to 
1.88) for a perhaps more plausible negative bino- 
mial model allowing daily case counts to be 
overdispersed (8). 

Given estimates of Ro and the current epi- 
demic size x, we can estimate the number of 
generations J, of transmission of the virus among 
humans that is necessary to explain the current 
epidemic. Assuming a simple branching process 
with reproduction number Ro, the mean number 
of generations of transmission is given by N, = 
In(@x/xo)/In(Ro), assuming the epidemic was started 
by xo humans being infected from animal sources. 
Assuming Xo = | gives estimates of NV, between 
14 and 73. But even if we assume that 5% of 
cases were infected directly from animal sources, 
we obtain an estimated 5 to 22 generations of 
transmission, indicating sustained human-to- 
human transmission in Mexico. 

All of the Ro estimates are comparable with, 
but perhaps on the low end of, Ro estimates 
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Fig. 3. Results of a detailed investigation into an outbreak in the village of La Gloria. (A) The time series of 
cases based on repeat rounds of investigation into the outbreak, and the best fit of an age-stratified trans- 
mission model (see Table 2 for estimates). The graph also shows the best fit of a model where the generation 
time is constrained to be consistent with earlier estimates for influenza (2.6 days), which does not fit sig- 
nificantly worse than the unconstrained best fit (see Table 2 legend). (B) Observed (bars) and fitted (using best 
fit, circles) age-specific attack rates; (C) best fit and constrained estimate of the generation time distribution. 
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Table 1. Parameter estimates (and 95% confidence intervals) for the 
cumulative number of influenza A (H1N1) infections in Mexico among 
Mexican residents by late April 2009, along with corresponding estimates 


exponential growth rate, 
Mexico. 


for the case fatality ratio (CFR), the basic reproduction number, and the 


assuming that infections in travelers occurred in 


Assumed average duration Estimated number of Case fatality ratio* Estimated Estimated exponential 
of stay for visitors arriving infections among reproduction growth rate* 
by flights Mexican residents number Rot (doubling time in days*) 
Assuming 9 Assuming 101 
deaths® deaths® 
Based on analysis of interval-censored country counts 
6 days 32,000 0.03% 0.32% 1.42 0.123 
(26,000, 39,000) (0.02%, 0.03%) (0.26%, 0.39%) (5.6) 
9 days (23) 23,000 0.04% 0.44% 1.40 0.118 
(20,000, 280,00) (0.03%, 0.05%) (0.37%, 0.52%) (5.9) 
12 days 180,00 0.05% 0.55% 1.39 0.114 
(150,00, 220,00) (0.04%, 0.06%) (0.46%, 0.66%) (6.1) 
Based on analysis of presence or absence of confirmed disease in countries 
6 days 11,000 0.08% 0.90% 1.36 0.106 
(5,000, 27,000) (0.03%, 0.20%) (0.37%, 2.20%) (6.6) 
9 days (23) 7,000 0.12% 1.36% 1.33 0.098 
(3,000, 18,000) (0.05%, 0.29%) (0.56%, 3.30%) (7.0) 
12 days 6,000 0.16% 1.81% 1.31 0.093 
(2,000, 14,000) (0.07%, 0.39%) (0.74%, 4.40%) (7.4) 


*This is a simple estimate of the CFR (4). The numbers of deaths and the data on cases in countries were both obtained as reported on 30 April. Although censoring is important to consider when 
estimating the CFR (due to the time interval between case report and death), in these data we have both the time between clinical onset and death within Mexico and the time between clinical 
onset and case confirmation in other countries to consider. Given uncertainty surrounding both of these distributions, we have made the simplifying assumption that these time intervals are 
similar and thus that the CFR can be estimated by the deaths within Mexico attributed to the novel influenza A (H1N1) divided by the estimated number of infections among Mexican residents 


based on data reported up to 30 April. 


§Based on 9 confirmed and 92 suspected deaths (101 total) that were reported by 30 April 2009 (6). 


tThese estimates assume that the estimated 


cumulative number of influenza A (H1N1) infections in Mexico among Mexican residents relates to the cumulative number of infections up to 23 April 2009 (i.e., 1 week before the data were 


reported). 


Table 2. Epidemiological parameters estimated by fitting an age-stratified mathematical model to 
the outbreak in the village of La Gloria (Fig. 3). For sensitivity analysis and model selection, we 
tested several reduced model variants. None fitted significantly worse, but several produced 
implausible estimates of the generation time. The respective best-fit values are as follows: 1. No 
asymptomatics and no misreporting, no assortative mixing: Psymp =1, 8=0, Ro = 1.37, Tg = 1.39, 
and P.niig = 2-80. 2. No asymptomatics and no misreporting: Psymp =1, Ro = 1.41, Ty = 1.53 days, 
6 = 0.31, and pig = 2.22. 3. No assortative mixing: same as variant 1. 4, model with long 
generation time consistent with previous estimates from influenza (also shown in Fig. 3), 7; =2.60 
days, Ro = 1.97, Peng = 2.52, 8 = 0.51, and Psymp = 0.72. (The symbol “=" denotes parameters 
defined to take fixed values.) 


Best estimate 95% confidence Description 
interval 
Ro 1.58 1.34—2.04 Basic reproduction number 
Ty 1.91 1.30-2.71 Mean generation time (days) 
Psymp 86% 69-100% Proportion of cases that are symptomatic and ascertained 
Pchild 2.06 1.60—3.31 Susceptibility of children relative to adults 
8 0.50 0.00—0.72 Assortativity of mixing between children and adults 
(0 = random, 1 = fully assortative) 
Assumed value 
fi 1/3 Assumed Fraction of the generation time that is latent (uninfectious) 
child 1 Assumed Infectiousness of children relative to adults 


obtained from analysis of previous pandemics 
[1.4 to 2.0 for 1918, 1957, and 1968 (9, 1/3—15)]. 

Overall, our transmissibility estimates are con- 
sistent with the lowest values used in earlier de- 
tailed computer simulations used to study scenarios 
in pandemic mitigation (16, 77), indicating that 
the conclusions regarding control policy effective- 
ness reached by those analyses could be relevant 
to the current epidemic. However, the key trade- 
off remains the balancing of the economic and 
societal cost of interventions, such as school clo- 


sure, against the numbers of lives saved through 
use of such measures. Where substantial antiviral 
stockpiles are available, a secondary trade-off is 
the extent to which large-scale prophylaxis is jus- 
tified, given the potential risks of high-level re- 
sistance developing (/8—2/). At present, estimates 
of disease severity are insufficiently robust to al- 
low these trade-offs to be properly evaluated, but 
that uncertainty should diminish rapidly in coming 
weeks as more data on severe cases in the United 
States and other countries become available. 


As the situation develops, a key issue is to 
optimize study designs and surveillance proto- 
cols to be most informative in estimating some of 
these unknown factors, thus potentially inform- 
ing and refining the public health response. Clear- 
ly, detailed investigations of transmission in 
households and schools will be useful, as would 
be the consistent collection and dissemination of 
electronic patient records, which could be used to 
detect cofactors in the severity of infection. 

In conclusion, while the emerging data from 
Mexico and other countries have enabled impor- 
tant insights into the origin, extent, transmissi- 
bility, and severity of the unfolding pandemic 
[including detailed epidemiological analysis of 
data from the U.S. outbreak recently published 
(22)], many uncertainties remain and should not 
be underestimated. The incubation and infectious 
periods have not yet been reliably ascertained, 
leaving uncertainty in estimates of the generation 
time. Much remains to be done to estimate clin- 
ical severity of infection, to understand regional 
variations seen so far (or indeed, whether they 
exist). As the epidemic spreads further, it is likely 
that severity will vary from country to country 
depending on health care resources and the pub- 
lic health measures adopted to mitigate impact. 
The existence of any cross-immunity (perhaps not 
mediated via HA-specific antibodies) from past 
exposure to prior influenza A subtypes is un- 
known, but the strong age dependence in clinical 
attack rates seen in La Gloria is intriguing. Cross- 
immunity would imply that Ro could be higher in 
fully susceptible populations than estimated here. 
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overdispersion, but this is enough to greatly increase the uncertainty in R(). 


The future evolution of the transmissibility, anti- 
genicity, virulence, and antiviral resistance pro- 
file of this or any influenza virus is difficult to 
predict. It is also unclear whether this strain will 
displace existing influenza A subtypes from the 
human population, as occurred in the past three 
pandemics. The extent to which seasonal damp- 
ing of transmission in North America and Europe 
is responsible for the moderate transmissibility 
seen to date is uncertain; the progress of transmis- 
sion in the Southern Hemisphere (which is just 
entering its influenza season) needs to be care- 
fully monitored in the next few months. To re- 
duce all these uncertainties, it is essential that 
public health agencies around the world continue 
to collect high-quality epidemiological data in a 
focused, resource-efficient manner despite the ex- 
pected increases in case numbers in coming weeks. 
Epidemiological analysis and modeling are useful 
tools for guiding such efforts and interpreting the 
resulting data. 

Note added in proof: We cited two sources 
(J, 6) for confirmed and suspected deaths in 
Mexico, reported by 4 May 2009 and 30 April 
2009, respectively. These sources are not pub- 
licly available at present. However, similar reports 
are publicly available: The Mexican government 
Web site (24) gives some data on the 5 May 
situation report (25) documenting 26 confirmed 
deaths and 114 suspected deaths (77 without 
samples for analysis), and Morbidity and Mor- 
tality Weekly Report (26) lists 7 confirmed and 77 
suspected deaths posted on 30 April. Since this 
article appeared online, the number of deaths in 
Mexico up to 23 April has been determined to be 
21, resulting in a revised estimate of the CFR of 
0.091% (range: 0.066 to 0.35%) (24). 
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Rapid and Accurate Large-Scale 
Coestimation of Sequence Alignments 
and Phylogenetic Trees 


Kevin Liu,’ Sindhu Raghavan,? Serita Nelesen,* C. Randal Linder,” Tandy Warnow™* 


Inferring an accurate evolutionary tree of life requires high-quality alignments of molecular 
sequence data sets from large numbers of species. However, this task is often difficult, slow, and 
idiosyncratic, especially when the sequences are highly diverged or include high rates of insertions 
and deletions (collectively known as indels). We present SATé (simultaneous alignment and tree 
estimation), an automated method to quickly and accurately estimate both DNA alignments and 
trees with the maximum likelihood criterion. In our study, it improved tree and alignment accuracy 
compared to the best two-phase methods currently available for data sets of up to 1000 sequences, 
showing that coestimation can be both rapid and accurate in phylogenetic studies. 


hylogeny estimation from molecular se- 
quences typically has two phases: An align- 
ment is estimated, and then a tree is produced 
for the alignment. Alignment methods like MAFFT 
(2), Probcons (2), Probtree (3), Prank (4), and Mus- 


cle (5) provide more accurate alignments than earlier 
methods (3, 4, 6), and maximum likelihood (ML) 
methods of phylogeny estimation [e.g., RAxML 
(7, 8), GARLI (9), and Phyml (/0)] produce 
more accurate trees for large data sets than other 
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phylogeny estimation methods (/0). Still, estima- 
tion of phylogenies and alignments for large data 
sets is difficult and highly inaccurate when the 
sequences examined for phylogenetic reconstruc- 
tion have evolved with many substitutions and 
insertions and deletions (indels). 

Alignment estimation methods typically esti- 
mate guide trees on which an alignment is then 
produced. The methods can be highly sensitive to 
the guide tree (3), and automated alignments often 
require manual realignment, sometimes necessitat- 
ing months of intensive analysis of the sequences 
and taxa (//, /2). Manual realignment can be error 
prone due to limitations in alignment editors; the 
inability of an individual to view all the sequences 
simultaneously; or idiosyncratic, unstated realign- 
ment criteria. Also, hard-to-align DNA regions that 
might contain phylogenetically useful information 
may be rejected due to a lack of confidence in the 
alignments. Finally, regions that are hard to align 
are typically aligned differently by different pro- 
grams, and phylogenies estimated on these different 
alignments can differ substantially (3). Conse- 
quently, molecular phylogenies often are produced 
using slowly evolving DNA regions that can be 
aligned relatively easily. Restriction to such regions 
likely has resulted in less fully resolved evolu- 
tionary histories for many groups due to under- 
utilization of data. 

Current methods for estimating trees directly 
from unaligned sequences include POY (/4), 
POY* (/5), ALIFRITZ (/6), BAli-Phy (77), and 
the method of Lunter et al. (78), while SATCHMO 
(79) can be used for estimating trees directly from 
amino acid sequences. These methods potentially 
circumvent some of the aforementioned issues, but 
have limitations of their own. POY and POY* can 
be run on large data sets but have not produced 
trees more accurate than those of the best two- 
phase methods (/5, 20). The other methods are 
based on parametric statistical models of se- 
quence evolution including substitutions and indels. 
ALIFRITZ and BAli-Phy use models that allow 
multinucleotide indel events, engendering large 
computational burdens. A study assessing their 
performance (2/) found that ALIFRITZ could 
analyze ~30 sequences, and BAli-Phy was lim- 
ited to 10. Our studies of these methods on 100 
taxon data sets (tables S28 and S29) showed that 
after 2 weeks of analysis, although BAli-Phy and 
ALIFRITZ were able to produce trees and align- 
ments on some data sets, their trees were not as 
accurate as those produced by the best two-phase 
methods. A method that includes only single- 
nucleotide indel events (/8) was reported to ana- 
lyze data sets with 50 sequences (2/); however, 
our attempts to test this method (fig. S4) revealed 
that the current implementation is not operational. 
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We present SAT6 (simultaneous alignment 
and tree estimation), a program designed to ad- 
dress current speed and accuracy limitations in 
phylogenetic analysis (available at www.cs.utexas. 
edu/users/tandy/science-paper.html). To make 
large-scale coestimation of trees and alignments 
feasible, we used a maximum likelihood rather 
than a Bayesian approach, with gaps treated as 


missing data. These choices improved scalability 
over ALIFRITZ and BAIi-Phy, while improving 
accuracy over two-phase methods on large, hard- 
to-align data sets. 

SATé searches for a tree/alignment pair with 
an optimal ML score by performing hill-climbing 
searches from a collection of starting tree/alignment 
pairs. For each starting alignment, SATé estimates 


[_ = 3 


Use new 
tree T to 
compute 
new 
alignment 
A 


Alignment A 


Decompose into unaligned subproblems 


CCGTGTCGATTATTG 
TTGCGTCAATCGTTA 
TAGTGCTTTTA 
CAGTGCTTCTA 


D 


CAGTACTGCTA 


Realign subproblems 


Fig. 1. SATé’s second Obtain 
stage. Beginning with the initial 
current best tree/alignment alignment A 
pair, SATé iterates between and tree T 
realigning on the current 
tree and estimating a RAxML Use new 
tree for each new align- alignment 
ment. At the end of each Ato 
iteration, the tree/alignment estimate 
pair optimizing ML under new ML 
the GIR+Gamma model of bree] 
evolution is saved. 
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Merge subalignments 


CCGTGTCGATTATTG 
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Merge subalignments 


Compute ML tree based on the final alignment 


Proposed tree 


ML score better? 


Accept 
proposed tree 


Fig. 2. SATé’s divide-and-conquer strategy, illustrated with a CT-2 decomposition. A branch in the initial 
tree is selected, and the subtrees—A, B, C, D—around the branch are determined. The sequences for each 
of the four subtrees are realigned by MAFFT. These realigned subproblems are then aligned with one 
another, two at a time, using Muscle, until an alignment on the full data set is obtained. RAXML then 
computes a tree on the alignment. SATé iterates this process, as shown in Fig. 1. 
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an ML tree (general time reversible + gamma 
model) with RAXML. The “second stage” then 
uses an iterative, greedy search heuristic to find 
tree/alignment pairs with better ML scores (Fig. 1). 
In each iteration, a new alignment is proposed 
by our divide-and-conquer method: Center-Tree-i 
(CT-i) decomposition (Fig. 2). The default set- 
ting runs stage 2 for 24 hours, allowing the final 
iteration begun before the 24-hour limit to com- 
plete. The user can specify the stopping cri- 
terion, e.g., time limits or until no improvement 
in the ML score has occurred for 24 hours. If 
two or more starting tree/alignment pairs are 
used, the final tree/alignment pairs from each 


run are compared, and the one with the best 
ML score is returned. 

For a CT-i decomposition, SATé computes a 
bifurcating tree with maximum diameter 27 — 1 
around a branch selected in the current best 
tree. The branch is typically either a midpoint 
branch (the middle branch on a longest path in 
the tree) or a centroid branch, which splits the 
tree into two subtrees with roughly equal num- 
bers of taxa. A CT-i decomposition produces at 
most 2' subsets, which are clades in the current 
tree (see Fig. 2 and Supporting Online Mate- 
rial for examples), where 7 is user-specified 
(default: i = 5), allowing the number and size 
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Fig. 3. The 1000-taxon model results. All x axes show the 15 1000-taxon models, from easy to hard, 
based on missing branch rates. From top-to-bottom panels, the y axes are missing branch rate, alignment 
SP-FN error, true alignment setwise statistics, and Spearman rank correlation coefficients (p). All data 
points include SE bars. For the top two panels, models on the x axis followed by an asterisk indicate that 
SATé’s performance was significantly better than the nearest two-phase method (paired t tests, setwise a = 


0.05, n = 40 for each test). 
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of subproblems to be tuned for the number of 
taxa in the full data set. Sequences in each subset 
are realigned (default = MAFFT), and the align- 
ments are progressively merged (default = Muscle), 
using the current tree as a guide tree, into an 
alignment on the full data set. An ML tree is 
estimated on the new alignment with RAxML. 
The tree/alignment pair with the better ML score 
(either the original pair or the new pair) is then 
used for the next iteration. 

To determine the best defaults and options 
for SAT, we explored multiple combinations 
of the algorithmic parameters (22). We observed 
that CT-5 decompositions performed reliably well, 
and that starting with a tree/alignment pair having 
a good ML score improved SAT€’s convergence 
rate, but that SATé was robust to the choice of 
starting alignment/tree pairs (figs. S7 to S10 and 
tables S20, S21, and S28). 

Two variants of SATé performed particularly 
well. The first, SATé™4, was fast and produced 
highly accurate alignments and trees. For its start- 
ing alignment/tree pair, SATé™* selects among four 
tree/alignment pairs by running RAxML on four 
alignments [ClustalW (23), Muscle, MAFFT, 
and Prank+GT, which is Prank provided with a 
RAxML-on-MAFFT guide tree] and picks the 
pair with the best ML score on its tree. SATé** 
then uses its hill-climbing strategy for 24 hours to 
search for better solutions. The second variant, 
SAT6®M”. was slower but produced more accurate 
alignments and trees than the first. It uses two start- 
ing alignment/tree pairs (the ClustalW alignment 
and its RAxML tree, and the pair used by SATé™), 
lets each of the hill-climbing SATé analyses run 
until no change has occurred for 24 hours, and 
returns the solution with the best ML score. 

We tested these SAT€ variants on both simu- 
lated and biological data sets, relative to the align- 
ment methods ClustalW, MAFFT, Muscle, and 
Prank+GT, and to RAxML, run to completion. 

For the simulation studies, we compared SATE 
to the two-phase methods, using ROSE (24) to 
simulate sequence evolution under 30 models (20 
replicates per model, root sequences of 1000 base 
pairs, trees of 500 and 1000 taxa) representing a 
wide range of conditions (tables S1 to S3). We 
used ROSE’s output to determine the true align- 
ment for each data set and the model-tree branches 
on which no changes occurred (zero-event branches). 
We used the true alignment to calculate SP-FN 
alignment error rates. SP-FN is the sum of pairs 
for the false-negative error rate: the percentage of 
evolutionarily homologous pairs of nucleotides 
missing in the estimated alignment and the com- 
plement of the SP accuracy measure (25). We 
contracted zero-event branches of the model 
trees—because reconstruction of these branches 
is effectively random (26)—producing potentially 
inferable model trees (PIMTs). We used the PIMTs 
to quantify the percentage of branches missing 
from an estimated tree but present in the PIMT 
(the missing branch rate). 

RAXxML runs on the true alignment consist- 
ently produced a low proportion of missing branches 
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(averaging 7.4% overall), even when run on mod- 
els whose true alignments contained high propor- 
tions of indels and high substitution rates (Fig. 3 
and fig. S6), indicating that treating indels as 
missing data introduced minimal error in tree es- 
timation, even for data sets containing many indels. 
SATé*’s missing branch rates (averaging 9.1% 
overall) were only somewhat higher than those 
obtained by RAxML on the true alignment (Table 1). 
By comparison, the overall average missing branch 
rates for RAxML trees produced on estimated 
alignments were 12.6% for MAFFT, 13.0% for 
Prank+GT, 15.3% for Muscle, and 21.6% for 
ClustalW (Table 1). On these data sets, runtimes 
for SATé”"’s second stage were at most 28 hours 
for 500 taxa and 34 hours for 1000 taxa (table S9). 

We labeled some models “easy” because all 
methods produced trees with accuracy close to 
that of RAXML on the true alignment (Fig. 3 and 
fig. S6). For the remaining “moderate-to-difficult” 
models (Table 1, Fig. 3, and fig. S6), SATé** 
produced the most accurate trees and alignments, 
ClustalW produced the least, and the other meth- 
ods were intermediate. SATé*"’s missing branch 
rates on the moderate-to-difficult models were 
significantly better than those produced by the 
closest two-phase method in all cases (P < 0.004; 
paired ¢ test) except that of model 1000M3, 
whose performance was similar to that obtained 
by running RAxML on a MAFFT alignment 
(Fig. 3 and table $13). For all methods, missing 
branch rates and alignment error rates tended to 
increase as the number of taxa (Table 1) or rate of 
evolution increased (Fig. 3); however, SATé”*’s 
error rates generally increased much less than 
those of the other methods. Thus, SATé™* pro- 
vided the largest advantage on the hardest data 
sets. SATé**’s worst average missing branch 
rate (17.4%) was on model 1000M1, on which 
all other methods had error rates >30% (Fig. 3). 
Furthermore, SATé”4 achieved these performance 
gains on standard desktop computers with 4 GB 
of RAM. 


Because tree error may increase when unreli- 
able sites are included, we estimated ML trees on 
data sets from which sites were eliminated using 
four techniques [including two variants of Gblocks 
(27)]. These techniques either had little impact on 
tree estimation accuracy or made the estimations 
worse (tables S31 to S34). 

SATé*’s improved tree/alignment accuracy 
arose from its divide-and-conquer strategy and use 
of the ML criterion. The CT-5 decomposition 
improved starting alignments and trees on the 
moderate-to-difficult models (table S11) and 
modified (without necessarily improving) them 
on the easy models (table S12). The ML score 
was positively correlated with alignment and tree 
accuracy across all models, especially the moderate- 
to-difficult models (Fig. 3, fig. S6, and tables S14 
and $15). Furthermore, even when SATé** pro- 
posed alignments that were accepted but resulted 
in trees of reduced accuracy, the average reduc- 
tion in alignment or tree accuracy was at most 
0.5% (table S11). 

SATé sometimes found better trees and align- 
ments with different starting tree/alignment pairs 
(figs. S7 and S9 and table S28). Therefore, we 
recommend multiple runs of SATé using more 
than one starting pair, e.g., using SATé?™" if 
time permits. 

We compared SAT6®™" to the two-phase 
methods on six biological ribosomal RNA data 
sets (117 to 1028 taxa; table S7) for which highly 
reliable, curated alignments are available. SAT?" 
and MAFFT alignments were of comparable ac- 
curacy and better than the other alignments (table 
S18), and SATé®™™ trees were more accurate 
than those produced by any two-phase method 
(table S19). 

Thus, SAT¢ is a fast, effective, and fully auto- 
mated method for simultaneous estimation of trees 
and alignments for nucleotide sequences on large 
numbers of taxa. For rapidly evolving sequences, 
it dramatically speeds and improves tree and align- 
ment estimations compared to the best current two- 


Table 1. Missing branch rates and alignment SP-FN error rates. For each statistic and model, the best- 
performing methods (within 1%) are in boldface. The best overall is indicated with an asterisk (*). For each 
“All models” entry, n = 600; for each easy entry, n = 120; for each moderate-to-difficult entry, n = 180. 


Moderate to difficult Easy 
Method All models 1000 500 1000 500 
% (SE) % (SE) % (SE) % (SE) % (SE) 
Missing branch rate 
RAXML(TrueAln) 7.4 (0.1) 9.3 (0.1) 8.4 (0.1) 5.1 (0.1) 5.3 (0.1) 
SATé *9.1 (0.2) *13.1 (0.3) *10.4 (0.2) *5.1 (0.1) 5.4 (0.1) 
RAXML(Prank+GT) 13.0 (0.3) 21.0 (0.6) 15.2 (0.4) *5.1 (0.1) *5.3 (0.1) 
RAXxML(MAFFT) 12.6 (0.4) 21.6 (0.6) 13.5 (0.3) *5.1 (0.1) *5.3 (0.1) 
RAxML(Muscle) 15.3 (0.5) 22.9 (1.0) 20.5 (0.9) 5.4 (0.1) 5.8 (0.1) 
RAXML(ClustalW) 21.6 (0.6) 38.7 (0.7) 21.6 (0.6) 5.3 (0.1) 5.7 (0.1) 
Alignment SP-FN error rate 
SATé *14.2 (0.6) *25.0 (1.3) *21.3 (0.7) *0.4 (0.02) *1.0 (0.1) 
Prank+GT 18.5 (0.8) 30.6 (1.2) 29.9 (1.1) *0.4 (0.02) 1.1 (0.1) 
MAFFT 20.6 (0.8) 38.6 (1.3) 28.5 (1.0) 0.9 (0.1) 1.7 (0.1) 
Muscle 22.7 (0.9) 34.0 (1.4) 38.5 (1.5) 1.8 (0.1) 2.9 (0.2) 
ClustalW 46.9 (1.3) 77.1 (1.1) 64.1 (1.2) 9.8 (0.5) 12.9 (0.6) 
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phase methods, and it removes or significantly 
reduces the need for hand realignment of data sets. 
Finally, it makes possible the use of DNA regions 
previously rejected for alignment difficulty, poten- 
tially leading to significantly improved resolution 
of species’ relationships. 
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Structure and Mechanism of an 
Amino Acid Antiporter 


Xiang Gao,”’** Feiran Lu,”’* Lijun Zhou,”’** Shangyu Dang,’* Linfeng Sun,” Xiaochun Li," 


Jiawei Wang,*? Yigong Shi2?+ 


Virulent enteric pathogens such as Escherichia coli strain 0157:H7 rely on acid-resistance (AR) 
systems to survive the acidic environment in the stomach. A major component of AR is an 
arginine-dependent arginine:agmatine antiporter that expels intracellular protons. Here, we 
report the crystal structure of AdiC, the arginine:agmatine antiporter from £. coli 0157:H7 and a 
member of the amino acid/polyamine/organocation (APC) superfamily of transporters at 3.6 A 
resolution. The overall fold is similar to that of several Na*-coupled symporters. AdiC contains 
12 transmembrane segments, forms a homodimer, and exists in an outward-facing, open 
conformation in the crystals. A conserved, acidic pocket opens to the periplasm. Structural and 
biochemical analysis reveals the essential ligand-binding residues, defines the transport route, and 
suggests a conserved mechanism for the antiporter activity. 


nella, Yersinia, and Escherichia coli strain 
O157:H7, are among the most virulent 
pathogens (/). To survive the extremely acidic 
environment (pH 2 to 3) of the stomach, these 
bacteria have acquired elaborate systems to main- 


Bu: bacteria, including Shigella, Salmo- 


Fig. 1. Structure of AdiC, an amino acid antiporter 
of the APC superfamily. (A) Structure of the AdiC 
homodimer in an asymmetric unit in the P2,2,2, 
space group. Two perpendicular views are shown. 
Each molecule of AdiC consists of an inner layer of 
five TMs (red labels) and an outer layer of seven 
TMs (blue labels). The magenta circles indicate the 
location of the central cavity in AdiC. (B) A close-up 
view of an AdiC protomer. Note that TM1 and TM6 
each consists of two a-helical segments that are 
connected by short, conserved sequence loops. (C) 
Dimerization interface of AdiC. Homodimerization 
is mediated mainly by TM11 and TM12. Specific 
amino acids that contribute to homodimerization 
are labeled in the right-hand image (30). The cen- 
tral cavity is thought to be the substrate-binding 
site. [Figures 1 to 3 were prepared with use of 
PyMol (32)] 
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tain a higher intracellular pH (2). In E. coli, the 
acid-resistance systems 2 (AR2) and 3 (AR3) ex- 
pel intracellular protons through two coupled 
processes: intracellular decarboxylation of gluta- 
mate (Glu) and arginine (Arg) by AR2 and AR3, 
respectively, and the exchange of the reaction 


Putative 
substrate-binding site 


a1 


en 


MolA 


REPORTS 


products, y-aminobutyric acid (GABA) and ag- 
matine (Agm), with extracellular Glu and Arg 
(2). The Glu:GABA antiporter GadC (3, 4) and 
the Arg:Agm antiporter AdiC (5, 6) are at the 
center of the systems. 

AdiC and GadC are members of the amino acid/ 
polyamine/organocation (APC) superfamily [trans- 
porter class (TC) no. 2.A.3] of membrane trans- 
porters, which has at least 250 members in diverse 
organisms (7, 8). AdiC shares considerable se- 
quence similarity with GadC; the lysine:cadaverine 
antiporter, CadB (9, /0); and the ornithine:putrescine 
antiporter, PotE (//—/3). AdiC couples the in- 
flux of Arg with the efflux of Agm, resulting in 
net expulsion of one proton for each transport 
cycle (5, 14). Recombinant AdiC is a homo- 
dimer in both detergent micelles and lipid mem- 
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branes and facilitates Arg:Agm exchange be- 
tween pH 4 and 8 (8, /5). The available struc- 
tural information on the APC superfamily is 
limited to low-resolution structures of AdiC (8) 
and another protein (/6), which were derived 
from electron crystallography and electron micros- 
copy, respectively. 

We purified recombinant AdiC as described 
(15, 17). After screening more than 800 crystals 
in several space groups, we achieved a diffrac- 
tion limit of 3.6 A resolution for crystals grown 
in the P2,2,2, space group. The structure was 
determined by osmium-based, single-wavelength 
anomalous dispersion (SAD) (table S1 and fig. 
S1). Sequence assignment was facilitated by 
difference Fourier analysis of SeMet-labeled 
(where Met indicates methionine) protein (fig. 
S2). Each asymmetric unit contains two mol- 
ecules of AdiC, which form a homodimer, with 
a pseudo-twofold symmetry axis perpendicular 
to the lipid membrane (Fig. 1A). We also solved 
the structure of AdiC in the Pl space group, 
which contains four molecules in an asymmetric 
unit (table S1 and fig. S3). These four molecules 
are organized into two homodimers, each with 
the same structure as that in the P2,2;2, space 
group (fig. S3). For simplicity, we only discuss 
one AdiC homodimer. 

Despite lack of sequence similarity, AdiC ex- 
hibits the same fold as that of the Na’-coupled 
symporters, including LeuT,,, of the neurotrans- 
mitter sodium symporter (NSS) family (/8), BetP 
of the betaine/chlorine/carnitine transporters 
(BCCT) family (79), vVSGLT of the sodium solute 
symporter (SSS) family (20), and Mhp1 of the 
nucleobase-cation-symport-1 (NCS1) family (2/). 
This finding confirms an earlier prediction (22). 


Fig. 2. Identification and features of 
the substrate-binding site. (A) Mapping 
conserved amino acids onto the struc- 
ture of AdiC. Amino acids that are in- 
variant among AdiC, CadB, and PotE 
are colored orange. (B) Identification 
of a putative substrate-binding site. 
The central cavity of AdiC is enriched 
with conserved amino acids, opens to 
the periplasm, and is likely the binding 
site for substrate (left). A close-up view 
shows a number of polar and charged 
amino acids, including Asn?2 and Ser”° 
from TM1, Tyr? from TM3, Glu2°° from 
TM6, and Tyr from TM10. (C) Sub- 
strate binding by AdiC as measured by 
ITC. (Left) A representative ITC experi- 
ment, in which Agm was titrated into a 
solution of AdiC. (Inset) The original ti- 
tration traces. (Right) The relative bind- 
ing affinities for four AdiC mutants (30) 
compared with that of the WT protein. 
The association constant for the WT 
protein was standardized as 100%. 
Asterisks indicate three cases of low- 
affinity binding for Agm, where, de- 
spite readily detectable binding, curve 
fitting was difficult. 


i?) 


Injectant (Kcal mole") 


Each molecule of AdiC has 12 transmembrane 
segments (TMs), arranged in two layers (Fig. 1 and 
fig. S4). The inner layer, containing TM1, TM3, 
TM6, TM8, and TM10, is surrounded by the outer 
layer, consisting of TM2, TM4, TM5, TM7, TM9, 
TM11, and TM12 (Fig. 1, A and B). Similar to the 
Na‘-coupled symporters (18-2), TM1 to TMS 
are structurally related to TM6 to TM10 (fig. S5), 
with a root mean square deviation of 3.7 A over 
116 Ca atoms. Each AdiC molecule contains a 
centrally located cavity, which opens to the peri- 
plasmic side (Fig. 1, A and C). 

As in the Na‘-coupled symporters (/8-2/), 
TMI and TM6 are disrupted by short, nonhe- 
lical, Gly-containing loops (Fig. 1B). Amino acids 
in these loops are highly conserved within dis- 
tinct families of the APC superfamily. For ex- 
ample, AdiC, CadB, and PotE, which all belong 
to the basic amino acid:polyamine antiporter 
(APA) family (7), share two signature loop se- 
quences, the GSG motif (Gly*°-Ser”°-Gly~’) in 
TMI and the GVESA motif (Gly~°°-Val-Glu- 
Ser-Ala”'®) in TM6 (fig. S4). The discontinuity 
of transmembrane helices has also been observed 
in other classes of transporters (23), including 
the Ca*'—adenosine triphosphatase (ATPase) 
(24), the H'/CIl exchanger CLC (25), the Na’/H* 
exchanger NhaA (26), and the glutamate and as- 
partate transporter Gltp, (27, 28). The unwound 
helices expose ordered carbonyl and amide groups, 
which may facilitate interactions with the sub- 
strate (23) and aid conformational switches re- 
quired for substrate transport (29). 

The homodimeric interface of AdiC involves 
four TMs from each molecule. Hydrophobic 
amino acids from TM11 of one AdiC molecule 
interdigitate with nonpolar residues from TM12 
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of the adjacent molecule (Fig. 1C). Additional 
interactions are mediated by the N-terminal 
portion of TM3 and the C-terminal portion of 
TM10. Comparison with the Na‘-coupled sym- 
porters (/8—2/) suggests that dimerization medi- 
ated by TM11 and TM12 may be unique to the 
APC superfamily. 

Among TMs of the inner layer, TM6 appears 
to exhibit the largest degree of conformational 
difference among AdiC and the four Na’ -coupled 
symporters (fig. S6). The N-terminal backbone of 
TM6 in AdiC is shifted by 5, 9, and 14 A, te- 
spectively, relative to the corresponding structural 
elements in LeuT,,, BetP, and VSGLT. TM10 also 
displays marked conformational variations among 
these transporters (fig. S6). This analysis suggests 
that TM6 and TM10 might play an important role 
in the transport process. Supporting this analysis, 
TM6 contributes to substrate binding in all four 
Na‘-coupled symporters (78—2/), and TM10 
was proposed to control substrate access to the 
periplasm (2/). 

Amino acids that are invariant among AdiC, 
CadB, and PotE, three APA family antiporters (7), 
were mapped onto the structure of AdiC (Fig. 2A). 
About a third of the conserved, polar or charged 
amino acids are clustered in the central cavity and 
its vicinity, making the central cavity the most 
conserved area in the entire molecule (Fig. 2B) 
and suggesting that it may be the substrate- 
binding site. The central cavity measures about 
20 A in depth and 5 to 10 A in diameter. The 
bottom of the cavity is defined by four polar or 
charged amino acids: Asn” at the C-terminal end 
of TMla, Tyr in the middle of TM3, Glu?”* at 
the breakage point of TM6, and Tyr*®° in the 
middle of TM10 (Fig. 2B). The surface of the 


OArg OAgm 


* Low-binding 


WT 


Y87A Y93A Y93K 


Missense mutation 


Y365A 


19 JUNE 2009 VOL 324 SCIENCE www.sciencemag.org 


cavity is lined by a number of invariant residues, 
including the GSG motif from TM1; Tyr*” and 
Tyr”! from TM3; Val"!”, Asn?!’ and the GVESA 


Fig. 3. Identification and features 
of the transport route. (A) Substrate 
transport route along the central 
axis. The putative transport route is 
identified by residues (colored yel- 
low) that are invariant among AdiC, 
CadB, and PotE. The cytoplasmic 
and periplasmic sides of the route 
are depicted in the left and middle 
images, respectively. The right image 
highlights a few key residues. (B) Com- 
position of the amino acids along the 
transport route. The structure of AdiC is 
separated into two portions to show all 
25 highly conserved amino acids along 
the transport route, of which 60% are 
polar or charged. (C) Characterization 
of the antiport activity for WT and 
mutant AdiC. The left image depicts the 
assay. Uptake of ?H-labeled Agm into 
the AdiC-incorporated liposome was 
monitored. The right graph summarizes 
the result. The values shown represent 
the average of three independent ex- 
periments. The standard deviations were 
estimated to be 10 to 15% of the 
values shown. 
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motif from TM6; Cys**°, Ser’, Leu?”?, and Tp ity may contribute to binding of the positively 
from TM8; and Val*** from TM10 (fig. S4). The charged substrate molecules such as Arg and 
negative electrostatic potential of the central cav- Agm (fig. S7). 
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Fig. 4. Aworking model for AdiC and the APA family 
of antiporters. The antiport activity of AdiC may in- 
volve four sequential steps. The default state is likely 
to be the current structure, in an open, outward- 
facing conformation. Step 1, substrate binding to the 
antiporter results in occlusion of primary substrate to 
the periplasm. Step 2, the antiporter switches to an 
open, inward-facing conformation, where Arg is 
competitively displaced by Agm. Step 3, the antiporter 
bound to the secondary substrate closes down and 
occludes the substrate from the cytoplasm. Step 4, the 
antiporter opens up to the periplasm, allowing the 
release of the secondary substrate, completing the 
antiport cycle. Under extremely acidic conditions such 
as the stomach, Glu”? is proposed to be the sensor 


Periplasm (pH ~ 2-3) 
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amino acid in AdiC, which remains protonated at periplasmic pH but undergoes deprotonation at cytoplasmic pH. Differences in protonation states are proposed to 
contribute to differential binding of primary and secondary substrates. TM6 and TM10 are thought to undergo conformational changes in response to substrate binding. 
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To characterize the role of the conserved 
amino acids, we generated a number of mis- 
sense mutations and evaluated their impacts 
on substrate binding by using isothermal titra- 
tion calorimetry (ITC). As previously reported 
(8, 15), substrate binding by AdiC is endo- 
thermic (Fig. 2C, left). The association con- 
stant (K,) was estimated by curve fitting, and 
AdiC interacts with Agm with a K, value that 
is about eight times higher than that for Arg 
(8, 15). To facilitate comparison, we represented 
K, values of the mutant proteins as a per- 
centage of that for the wild-type (WT) AdiC 
(Fig. 2C, right). The mutation Y93K (30), at 
the bottom of the cavity, nearly crippled binding 
to both Arg and Agm. Y87A, on the cytoplas- 
mic side, markedly reduced binding affinity 
for Agm but not for Arg. This observation is 
consistent with the antiporter function of AdiC: 
transporting Arg into, while expelling Agm 
out of, the cytoplasm. In contrast, Y365A, at 
the bottom of the cavity, markedly weakened 
binding to Arg but not to Agm (Fig. 2C). This 
analysis confirms the central cavity as the 
substrate-binding site and identifies key resi- 
dues that are involved in binding to Arg and 
Agm. The observation that binding to Arg and 
Agm was simultaneously affected by mu- 
tations of Tyr? suggests that the binding site 
for Arg may at least partially overlap with that 
for Agm. 

A number of conserved, polar amino acids 
are located below the substrate-binding cavity 
and along the central axis (Fig. 3, A and B), 
which likely constitute the route of transport. We 
generated a number of missense mutations in the 
putative transport route and evaluated their im- 
pacts on the antiporter activity of AdiC by mon- 
itoring the uptake of *H-labeled Agm in an in 
vitro proteoliposome-based transport assay (8, /5) 
(Fig. 3C, left). In the absence of substrate (Arg) in 
the liposome, the uptake of *H-labeled Agm was 
at background level (Fig. 3C, right). The WT 
AdiC showed robust antiport activity, with a trans- 
port rate of about 60 umoles per mg of AdiC 
within the first 5 min. This transport rate is very 
similar to that reported previously (/5). Four 
mutations, S26K, Y93K, E208A, and Y365A 
(30), which affect amino acids at the bottom of 
the substrate-binding site, led to abrogation of 
antiport activity (Fig. 3C). Consistent with this 
finding, Y93K exhibited crippled binding to 
Arg and Agm, and Y365A had markedly re- 
duced binding affinity for Arg (Fig. 3D). Y87A 
and Y93A, each exhibiting severely compro- 
mised binding to Agm and weakened binding 
to Arg (Fig. 2C), also displayed reduced levels 
of antiporter activity (Fig. 3C). By contrast, a 
number of other mutations had little impact on 
the uptake of *H-labeled Agm. This analysis 
identifies amino acids that directly contribute 
to the antiport activity. 

The antiport activity of AdiC may involve 
four sequential steps. The default state is likely to 
be the current structure, in an open, outward- 


facing conformation (Fig. 4). First, substrate bind- 
ing leads to the occlusion of the bound, primary 
substrate (Arg) to the periplasm. Second, the 
antiporter switches to an open, inward-facing 
conformation, where Arg is competitively dis- 
placed by Agm, the secondary substrate. Third, 
the antiporter bound to the secondary substrate 
closes down and occludes the bound substrate 
from the cytoplasm. In the fourth and final step, 
the antiporter opens up to the periplasm, re- 
leasing the secondary substrate. Although the 
general folds of AdiC and the Na‘-coupled 
symporters are similar, their modes of substrate 
binding markedly deviate from each other (fig. 
S8). The conformation of the TMs surrounding 
the putative substrate-binding site in AdiC close- 
ly resembles that of LeuT,,. It remains to be seen 
how AdiC interacts with substrate molecules and 
carries out its antiport activity. 

On the basis of our structural and biochem- 
ical analysis, we propose that Glu**’, invariant 
among AdiC, CadB, and PotE (fig. $4), is a pH 
sensor and plays a major role in the antiport 
activity. In the stomach (pH 2 to 3), Glu?”’, with 
pK, ~ 4.25, is predominantly protonated. The 
majority of the extracellular substrate amino 
acids are deprotonated in their o-carboxylate 
groups (pK, ~ 2). Thus, the majority of these 
amino acids carry no net charge on their head 
groups, with the positively charged o-amino group 
offsetting the negatively charged o-carboxyl 
group. Protonated Glu” likely binds to the neu- 
tral head groups of the substrate amino acid 
(Fig. 4). Once facing the intracellular environ- 
ment (pH 4 to 5), the sensor residue Glu?" is 
likely to deprotonate, thus developing a net neg- 
ative charge in the substrate-binding cavity. The 
negative charge may favor binding by the posi- 
tively charged head group of the a-decarboxylated 
amino acid (Fig. 4). Consequently, the second- 
ary substrate (Agm) displaces the primary sub- 
strate (Arg) on the antiporter. 

What structural elements undergo the pro- 
posed conformational changes during transport? 
Gouaux and colleagues proposed that TM1 and 
TM6 might be the toggle switches (/8). This 
model gained additional support from a recent 
structural study on BetP (/9). By contrast, 
Weyand et al. argued that TM3 and TM8 may 
adopt alternating conformations to allow the 
switches from outward-open to inward-open (2/). 
These conjectures have their bases mostly in struc- 
tural comparison of different molecules in different 
transport states: LeuT,, (/8) and Mhp1 (2/) in 
outward-facing states, vSGLT in inward-facing 
conformation (20), and BetP in between (/9). The 
backbone of TM1 in AdiC appears to maintain a 
very similar conformation compared to that of the 
Na’ -coupled symporters (fig. S6). In contrast, 
TM6, and to a lesser extent, TM10, exhibit pro- 
nounced conformational shifts. Hence, we pro- 
pose that TM6 may serve as the primary switch 
to allow different substrate-binding states and 
TM10 may facilitate the occlusion of substrate 


(Fig. 4). 
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IL-21 Is Required to Control Chronic 


Viral Infection 


Heidi Elsaesser,? Karsten Sauer,* David G. Brooks?* 


CD4* and CD8* T cell functions are rapidly aborted during chronic infection, preventing viral clearance. 
CD4* T cell help is required throughout chronic infection so as to sustain CD8* T cell responses; 
however, the necessary factor(s) provided by CD4* T cells are currently unknown. Using a mouse model 
of chronic viral infection, we demonstrated that interleukin-21 (IL-21) is an essential component of 
CD4* T cell help. In the absence of IL-21 signaling, despite elevated CD4* T cell responses, CD8* T cell 
responses are severely impaired. CD8* T cells directly require IL-21 to avoid deletion, maintain 
immunity, and resolve persistent infection. Thus, IL-21 specifically sustains CD8* T cell effector activity 
and provides a mechanism of CD4* T cell help during chronic viral infection. 


uring chronic viral infections, antiviral 

CD4* and CD8* T cells become non- 

responsive to viral antigens and are either 
physically deleted or persist in a nonfunctional 
“exhausted” state, unable to produce important 
antiviral and immunostimulatory cytokines such 
as interleukin-2 (IL-2), tumor necrosis factor-a 
(TNF-a), and interferon-y (IFN-y); lyse virally 
infected cells; or proliferate (/—4). To date, the 
majority of work analyzing T cell exhaustion 
during chronic viral infection has focused on 
CD8*" T cells; however, CD4* T cells also exhibit 
reduced function, thus further exacerbating viral 
persistence. CD4" T cells are required throughout 
chronic viral infection in order to sustain CD8* T 
cell function and control infection, prevent dele- 
tion of high-affinity antiviral CD8* T cells, and 
eventually resolve the infection (5—7). The loss 
of CD4* and CD8" T cell function is associated 
with viruses that establish chronic viral infections 
in their hosts: HIV and hepatitis B and hepatitis C 
virus (HCV) in humans and lymphocytic chorio- 
meningitis virus (LCMV) in rodents ($—/2). Chron- 
ic LCMV infection is eventually controlled in the 
periphery 60 to 80 days after infection ina CD4* T 
cell-dependent manner, suggesting that exhausted 
CD4* T cells retain helper activity. Expression of 
the key CD4" T cell helper cytokine IL-2, how- 
ever, is rapidly extinguished during viral persist- 
ence (4, /3), indicating that an alternative helper 
mechanism is being implemented. 

To determine how CD4* T cells help CD8* T 
cells to clear a viral infection, we infected mice 
with the Armstrong strain of LCMV (Arm) that 
induces a robust T cell response, resulting in viral 
clearance within 8 to 10 days or with the Clone 
13 strain of LCMV (Cl 13) that generates a 
chronic infection due to the up-regulation of im- 
munosuppressive factors that induce a dramatic 
depletion and inactivation of virus-specific T cells 
(14-18). LCMV-Arm and —Cl 13 share identical 
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CD4* and CD8* T cell epitopes, enabling direct 
comparison of virus-specific T cell responses dur- 
ing acute and persistent infection (/5, /7). In initial 
experiments, we observed high amounts of IL-21 
mRNA expression in the spleen during LCMV-—Cl 
13 infection (Fig. 1A). On the basis of the known 
immunomodulatory effects of IL-21 on T cells 
(79), we further investigated the function of IL-21 
during viral persistence. 

IL-21 is primarily produced by activated CD4* 
T cells (20-22); however, the cells that produce 
IL-21 during chronic viral infection are unknown. 
Natural killer T cells, B cells, macrophages, and 
dendritic cells expressed low amounts of IL-21 
mRNA during both acute and chronic LCMV 
infection (Fig. 1B and fig. S1). In contrast, IL-21 
was highly expressed by total CD4* T cells after 
either acute or chronic LCMV infection (Fig. 1B). 
To determine whether IL-21 production by virus- 
specific CD4* T cells was elevated during chronic 
infection, we transferred LCMV-specific CD4* T 
cell receptor (TCR) transgenic T cells (SMARTA), 
which recognize LCMV-derived peptide GP¢-g0 
in the context of EA? into CS57BL/6 mice and then 
infected the mice with LCMV-Arm or LCMV-Cl 
13. Virus-specific CD4" T cells from LCMV-Cl 
13—infected mice exhibited a greater than 11-fold 
increase in IL-21 mRNA expression as com- 
pared with that in CD4° T cells from LCMV- 
Arm-infected mice, and the increase was sustained 
through chronic infection (Fig. 1B). Depletion 
of CD4* T cells reduced IL-21 mRNA expres- 
sion to that observed in uninfected mice (Fig. 
1A), indicating that CD4* T cells are probably 
the main source of IL-21 during chronic LCMV 
infection. The modest increase in IL-21 mRNA 
by total CD4* T cells during chronic infection 
as compared with the substantial increase in 
IL-21 by virus-specific CD4" T cells is prob- 
ably due to the decreased frequency of virus- 
specific CD4” T cells during chronic infection 
(4). Whereas the ability of virus-specific CD4* T 
cells to produce IL-2 was rapidly extinguished 
after LCMV-C] 13 infection, many virus-specific 
CD4" T cells produced IL-21 throughout per- 
sistent infection, resulting in an inversion from 
a predominantly IL-2—producing to an IL-21— 
producing cell population (Fig. 1C and fig. $2). 
Thus, although the expression of many cytokines 
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by virus-specific CD4" T cells is decreased during 
chronic infection, IL-21 is maintained. 

To determine the effect of IL-21 on antiviral 
CD8* T cell immunity, we infected wild-type 
(WT) C57BL/6 mice and IL-21 receptor knock- 
out (/21r”) mice (23) with LCMV-Arm or —Cl 
13. In both WT and //2/r” mice, LCMV-Arm 
infection stimulated robust virus-specific CD8* 
T cell expansion and production of IFN-y and 
TNF-a (fig. S3). Early after LCMV-—Cl 13 infec- 
tion (day 9), the extent of CD8* T cell exhaustion 
was similar in WT and //2/r°~ mice (fig. S3). 
The lack of IL-21 signaling during the chronic 
phase of Cl 13 infection (day 30), however, re- 
sulted in a dramatic decrease of IFN-y and IFN- 
y/TNF-o dual-producing CD8 T cells (fig. S3). 
To determine whether the reduction in cytokine- 
producing CD8" T cells during chronic infection 
was due to enhanced functional exhaustion or 
physical deletion, we used LCMV-GP33_4; major 
histocompatability complex (MHC) class I tetramers 
to directly enumerate virus-specific T cells. Both the 
frequency and number of //21r’ tetramer’ CD8* 
T cells were increased relative to WT mice early 
(day 9) after LCMV-Cl 13 infection; however, 
they were significantly diminished in 217 mice 
as compared with WT mice as chronic infection 
progressed (day 30) (Fig. 2, A and B). These re- 
sults suggested that IL-21 is required to sustain 
virus-specific CD8" T cells as chronic infection 
progressed. 

Using two approaches, we next assessed wheth- 
er IL-21—mediated help was directly acting on virus- 
specific CD8* T cells. We performed the first 
approach by transferring WT or 121r” LCMV- 
specific CD8* TCR transgenic P14 cells, which 
recognize LCMV-peptide GP33_4; in the context 
of H-2K°, into separate 1/2Ir'’* mice. We ob- 
served comparable functional and numerical re- 
sponses after LCMV-Arm infection and in the 
early phase (day 8) of LCMV-Cl 13 infection 
(Fig. 2C and fig. S4) similar to that in 1/2177” 
mice. In contrast, 121°” P14 T cells exhibited 
enhanced functional exhaustion and deletion as 
compared with WT P14 T cells as chronic infection 
progressed (day 30) (Fig. 2C and fig. S4). In the 
second approach, irradiated WT mice were re- 
constituted with a mixture of WT (LyS.1*) and 
1121r” (Ly5.2') bone marrow, allowing for both 
WT and J/2/r~ virus-specific CD8* T cells to be 
exposed to identical inflammatory signals and cell 
interactions. We observed a similar frequency of 
LCMV-GP33.4;-specific tetramer’ CD8* T cells on 
day 8 after LCMV-Cl 13 infection; however, al- 
though the frequency of WT bone marrow-derived 
tetramer’ cells was maintained as the infection 
progressed, 1/21“ bone marrow-derived virus- 
specific CD8* T cells were deleted (Fig. 2D). We 
did not observe deletion of 21°” bone marrow— 
derived tetramer’ CD8* T cells after LCMV-Arm 
infection (fig. S5). After LCMV-Arm or LCMV— 
Cl 13 infection of the bone-marrow chimeric mice, 
the ratio of WT to 12Ir’ CD8* T cells rapidly 
decreased from 60:40 before infection to 80:20 
by day 8 after infection that was then stably main- 
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tained (fig. S5), suggesting a growth advantage 
for IL-21R-expressing total CD8" T cells during 
viral infection. Any growth advantage of total IL- 
21R-expressing CD8" T cells did not affect the 
frequency of tetramer’ CD8* T cells in response 
to LCMV-Arm infection (fig. S5) and occurred 
before the loss of 21°” bone marrow-derived 
tetramer’ cells during LCMV-Cl 13 infection 
(Fig. 2D and fig. $4). Thus, IL-21 directly sus- 
tains virus-specific CD8" T cells during chronic 
infection. 

Although IL-21 is produced by CD4* T cells, 
how it regulates CD4" T cell function in the con- 
text of an in vivo viral infection is unclear. We 
observed increased amounts of IFN-y—producing 
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Fig. 1. IL-21 mRNA expression during viral infection. IL-21 mRNA expression 
was quantified by real-time reverse transcription polymerase chain reaction 
after LCMV-Arm or LCMV-CL 13 infection in (A) uninfected (gray bar), LCMV— 
Cl 13 infected (black bar), or LCMV—Cl 13 infected and CD4* T cell-depleted 
(striped bar) splenocytes or in (B) the indicated sorted cell population. Red 
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and LCMV-GP.¢\-go-specific MHC class II tet- 
ramer’ CD4* T cells in 1/217” as compared with 
WT mice at days 9 and 30 after LCMV-Arm or 
—C] 13 infection (Fig. 3, A to C). Furthermore, 
we observed rapid suppression of IL-2 and TNF-a. 
after LCMV-—CI 13 infection in WT mice (Fig. 3, 
A and B, and fig. S5). eles expression was also 
rapidly diminished in //2/r” mice after LCMV— 
Cl 13 infection (fig. S6); however, unlike WT 
mice, virus-specific CD4" T cells continued to 
produce IL-2 in LCMV-Cl 13-infected J21r” 
mice in quantities similar to those observed at 
day 9 after LCMV-Arm infection (Fig. 3, A and 
B). These findings indicate that IL-21 signaling 
results in decreased IL-2 production by virus- 
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specific CD4* T cells. The elevated frequencies 
of virus-specific CD4" T cells producing IL-2 
observed early during LCMV-C]I 13 infection in 
112Ir” mice declined as the infection progressed 
and by 30 days after infection was similar to 
frequencies observed in WT mice (Fig. 3, A and 
B). The total number of IL-2-expressing virus- 
specific CD4" T cells, however, remained signifi- 
cantly increased in //2/r” mice after LCMV-Arm 
and particularly LCMV-ClI 13 infection, as com- 
pared with that in WT mice (Fig. 3B). Thus, IL-21 
suppresses distinct facets of CD4* T cell function 
during viral persistence, such as early IL-2 expres- 
sion, whereas other facets, such as TNF-a expres- 
sion, are not affected. 
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CD8 T' cells are required to resolve LCMV-— 
Cl 13 infection (5), thus the reduced numbers of 
virus-specific CD8" T cells in 1217” mice sug- 
gested that they may be insufficient to resolve the 
infection. The initial generation of productive T 
cell responses led to acute clearance of LCMV- 


Arm infection in WT and J/21r* mice (Fig. 4A). 
In contrast, the rapid T cell exhaustion after LCMV— 
Cl 13 infection led to chronic infection in WT and 
I21r* mice (Fig. 4A). Consistent with the similar 
generation of virus-specific CD8™ T cell responses 
after infection, LCMV-—C] 13 titers were initially 


equal in WT and //2/r” mice; however, whereas 
infection i in WT mice resolved after two months, 
1121r* mice did not resolve the infection (Fig. 
4A). In the presence of chronic infection, virus- 
specific 1/217” CD8* T cell responses continued 
to decline as compared with that in WT mice, 
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mice. Data are expressed as plaque-forming units (PFU) per milliliter of serum. The 
dashed line indicates the lower limit of detection (200 PFU/ml). *P < 0.05 for LCMV—Cl 


~ mice. (B and C) The frequency and number of (B) 


LCMV-GP33.4, tetramer* CD8* T cells and (C) IFN-y* CD4* T cells on day 100 after 
LCMV-Cl 13 infection of WT and 121°” mice. Time points and bar graphs represent 
the average + SD of 3 to 4 mice per group and 3 independent experiments. *P < 0.05. 
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whereas no further decrease was observed in WT 
mice over this same time period (Figs. 2D and 
4B). Conversely, the number of IFN-y" (virus- 
specific) CD4* T cells remained elevated 100 
days after LCMV-Arm (fig. S7) and —Cl 13 in- 
fection in 1/21” mice (Fig. 4C). Thus, despite 
the increased presence of virus-specific CD4* T 
cells in 121” mice, CD8* T cell responses are 
not sustained and the infection is not resolved. 

IL-21 signaling also affects antibody produc- 
tion by B cells and antigen-presenting cell re- 
sponses (/9), which in addition to CD8* T cell 
deletion could contribute to the failure to resolve 
infection. Compared with that in WT mice, antigen- 
presenting cell maturation was not differentially 
affected in I121r* mice after LCMV-Arm or -Cl 
13 infection and by some measurements was in- 
creased in the absence of IL-21 signaling (fig. S8). 
Furthermore, the total number of B cells was 
similar in WT and /12/r” mice during chronic 
infection (fig. S9). We observed a 1.9-fold decrease 
in LCMV-specific immunoglobulin G antibody 
titers in 2” mice, although substantial antibody 
titers were observed in both WT and 1/217” mice 
(fig. S9). LCMV-neutralizing antibody titers were 
undetectable in both WT and J/2/7* mice at day 
30 after LCMV-ClI 13 infection. Together, these 
data suggest that antigen-presenting cells impair- 
ment or impaired humoral immunity are unlikely 
to underlie the reduced control of chronic infection 
in 1221r” mice. 

The requirement for CD4" T cell help to con- 
trol chronic viral infection has long been estab- 
lished (5, 6); however, because CD4* T cells 


rapidly lose the ability to produce traditional helper 
cytokines such as IL-2, the specific mechanisms 
and factors that comprise CD4* T cell help have 
remained elusive. Our results suggest that CD4* 
T cells do not necessarily “exhaust” or “lose” func- 
tion during chronic viral infection. Instead, we pro- 
pose that CD4" T cell function is diverted toward 
the production of factors such as IL-21 that sus- 
tain effector activity to control infection. Multiple 
effector mechanisms probably contribute to the 
long-term development of CD8" T cell responses. 
In combination with (or in the absence of) other 
yet unidentified helper factors, [L-21 maintains the 
CD8* T cell effector activity required to control in- 
fection and thus provides a mechanism for CD4* 
T cell help in response to chronic viral infection. 
Failure of CD4” T cell help is associated with the 
inability to acutely clear HCV infection and with 
the progression to AIDS after HIV infection ($—/2). 
Thus, loss of IL-21 as CD4" T cell responses de- 
cline may hinder control of these human chronic 
viral infections. Further identification of helper 
factors and how they regulate precise immune 
outcomes will provide valuable insight into the 
generation and maintenance of antiviral immunity 
to prevent and treat chronic viral infections. 
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A Vital Role for Interleukin-21 
in the Control of a Chronic 


Viral Infection 


John S. Yi, Ming Du, Allan J. Zajac* 


Understanding the factors that regulate the induction, quality, and longevity of antiviral 

T cell responses is essential for devising rational strategies to prevent or combat infections. 
In this study, we show that interleukin-21 (IL-21), likely produced by CD4* T cells, directly 
influences the generation of polyfunctional CD8* T cells and that the number of CD4* T 
cells that produce IL-21 differs markedly between acute and chronic infections. IL-21 
regulates the development of CD8* T cell exhaustion and the ability to contain chronic 
lymphocytic choriomeningitis virus infection. Thus, IL-21 serves as a critical helper factor 
that shapes the functional quality of antiviral CD8* T cells and is required for viral 


control. 


hallmark of robust antiviral immunity 
Ae the induction of CD4* and CD8" T cell 
responses, which act cooperatively and in 
conjunction with other immune system compo- 
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nents, to control infection. The consequences of an 
ineffective immune response can be catastrophic, 
favoring viral persistence or the erosion of long- 
lived immunological memory. During the initial 
phases of many chronic infections, including hep- 
atitis C virus (HCV) and human immunodeficien- 
cy virus (HIV) infections, CD8* T cell responses 
are induced but can fail to attain or lose the 
ability to elaborate key effector functions (/—9). 


Although the cellular and molecular cues that 
dictate the development of robust CD8* T cells 
are not fully elucidated, in the absence of CD4* 
T cell help, CD8* T cell responses are compro- 
mised (2, 5, 6, 10-18). CD4* T cells are the 
primary producers of interleukin-21 (IL-21), a 
member of the common-y chain family of cyto- 
kines (/9—2/). Functions of IL-21 are wide-ranging 
and include promoting B cell and antibody re- 
sponses and inducing the development of Th17 
and follicular helper CD4* (Tfh) lineages (19-24). 
Given that CD4* T cells are necessary for optimal 
antiviral CD8* T cell responses, we investigated 
the role of IL-21 in CD8* T cell responses to viral 
infections. 

A comparative analysis of lymphocytic chorio- 
meningitis virus (LCMV)-specific CD4* T cells 
revealed marked differences in the induction of 
IL-21* CD4* T cells after acute LCMV-Armstrong 
(Arm) and chronic LCMV-clone 13 (Cl 13) in- 
fections of CS7BL/6 (B6) mice (Fig. 1) (25). By 8 
days, both infections elicited polyclonal virus- 
specific IL-21* CD4" T cells; however, this response 
was 7.8 times lower in the LCMV-C] 13-infected 
cohort (Fig. 1B; P < 0.001). Because CD4" T cells 
are obligatory for the control of LCMV-Cl 13, 
these results suggest that the CD4" T cell response 
to this infection, albeit weak, is capable of provid- 
ing some help (2, 5, 6, 10). 
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The pronounced IL-21* CD4* T cell response 
after acute LCMV-Arm infection prompted us to 
analyze whether IL-21 influenced the generation 
of germinal center (GC) B cells, Tfh cells, and 
antibody responses (fig. S1). The percentage and 
number of GC B cells and Tfh (ICOS*, CXCR5") 
T cells as well as LCMV-specific antibody titers 
were similar between 8 to 9 days after LCMV- 
Amn infection of 1121°* and ~ mice. Thus, acute 
LCMV infection can trigger the development of 
these responses even in the absence of IL-21. 
Moreover, all cohorts successfully controlled 
LCMYV-Arm infection because serum viral titers 
were below the limits of detection [<50 plaque- 
forming units (PFU)/ml] by this time point. 
Although appreciable antibody levels were 
detectable between days 44 to 120 after infec- 
tion, endpoint titers were three times lower in 
1121 mice. 

To further analyze the role of IL-21 in pro- 
moting antiviral immunity, we evaluated the re- 
sponses of //2/ + + and“ mice to LCMV— 
Cl 13 infection. Mice infected with LCMV-Cl 
13 typically exhibit high-grade viremia and pro- 
gressive reductions in the functional capacity 
of antiviral CD8* T cells, termed exhaustion 
(, 2, 5, 6, 9, 26). Eight days after LCMV-—Cl 13 
infection, during the effector phase, the mag- 
nitudes of the antiviral CD4* and CD8* T cell 
responses and the frequency of interferon-y 
(IFN-y)—producing antiviral CD8* T cells were 
similar among /121'’', *’, and“ cohorts (figs. 
S2 and §3, A and B); however, we observed dif- 
ferences in their functional quality (Fig. 2, A and 
B, and fig. S3B). Both the percentages and ab- 
solute numbers of polyfunctional, IL-2—producing 
CD8* T cells were reduced in 121” mice, with 
121°” mice exhibiting an intermediate phenotype 
(Fig. 2, A and B, and fig. S3B). We observed sim- 
ilar trends for tumor necrosis factor—o, (TNF-a) 
production (fig. S4A). Thus, IL-21 deficiency 
results in impaired polyfunctional effector CD8* 
T cell responses during the initial phases of LCMV 
infection. 

Given the altered cytokine responses by anti- 
viral CD8* T cells after LCMV-Cl 13 infec- 


Fig. 1. Diminished IL-21* CD4* T cell responses 
during the initial phase of LCMV-Cl 13 infection. 
IL-21 and IFN-y production by LCMV GP¢1-39 CD4* T 
cells was determined 8 days after LCMV-Arm or —Cl 
13 infections of B6 mice. (A) Flow cytometric anal- 
ysis of intracellular staining for IL-21 and IFN-y in 
splenocytes from LCMV-infected 121” and il21** 
mice after stimulation with GP,1.39 peptide. Gated 
total CD4* T cells are shown. (B) Enumeration of 
IL-21—producing CD4* T cells at 8 days after LCMV- 
Arm or —Cl 13 infection. Graphs represent mean + 
SD; ***P < 0.001. Representative results are shown 
from two independent experiments (n = 8 to 9 for 
121** cohorts and n = 2 for 121 mice). 
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tion of IL2-” mice, we next tracked viral loads 
over time to determine whether the absence of 
IL-21 compromised the containment of the in- 
fection (Fig. 2C and fig. S5). As expected, 127°” 
hosts slowly controlled LCMV-Cl 13 infection 
CU, 2, 5, 9, 26). By contrast, viral titers in the 
serum, livers, and lungs of //2/ ~~ mice remained 
high, a phenotype similar to that observed in 
mice lacking CD4" T cells (Fig. 2C and fig. S5). 
I2T*’ mice showed an intermediate pattern of 
clearance, with viral loads decreasing more slow- 
ly than in 127°” mice and the infection persist- 
ing at high levels or breaking through in three of 
the five 121°” mice tested between days 136 
and 148 after infection. These data suggest that 
IL-21 is critical for control of chronic viral 
infection. 

Evaluation of antiviral CD8* T cell responses 
at later stages after LCMV-—Cl 13 infection re- 
vealed severe functional exhaustion in 127” 
mice (Fig. 2D and figs. S3, C and D, and S4). By 
136 days, 121°” mice had brought the infection 
under control, and IFN-y, IL-2 (Fig. 2D), and 
TNF-a (fig. S4B) production was detectable by 
antiviral, primarily glycoprotein (GP)-specific, 
CD8* T cells. Moreover, these antiviral CD8* T 
cells expressed intermediate levels of CD43 (CD43"") 
and low levels of programmed death-1 (PD-1'°’), 
a phenotype more similar to resting memory T 
cells (Fig. 2, E and F). In 121°’ mice, the 
phenotypic and functional properties of the 
antiviral CD8* T cells diverged depending on 
their virological status. CD8* T cells from mice 
able to contain the infection resembled antiviral 
CD8* T cells from 1/21*; however, in mice 
with high viral titers, CD8* T cell responses 
were more similar to those observed in 121” 
hosts (fig. S4B). IL-2, IFN-y, and TNF-a pro- 
duction by 121°’ virus-specific CD8* T cells 
were greatly reduced or absent (Fig. 2D and 
figs. S3D and S4B), but these T cells were 
CD43"2", pp-1"2" (Fig. 2, E and F), a hallmark 
of the exhaustion that develops in chronically 
infected hosts (6, 9). Interestingly, the emer- 
gence of exhausted virus-specific CD8* T cells 
in 121’ mice parallels what is observed after 
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LCMV-Cl 13 infection of CD4-deficent hosts 
(2, 5, 6, 10). Thus, the absence of IL-21 pro- 
duction results in a failure to contain the in- 
fection and a silencing of antiviral CD8* T cell 
functions. 

We next examined whether IL-21 was acting 
directly to promote and sustain CD8* T cell re- 
sponses. To directly compare, within the same 
host, the responses and fates of cells of the im- 
mune system that can and cannot perceive IL- 
21-derived signals, we generated bone-marrow 
chimeras with use of a mixture of allelically 
marked [2Ir** (CD45.1) and I2Ir* (CD45.2) 
donor cells. As a control, we also generated 
mixed bone-marrow chimeric mice that were re- 
constituted with 12Ir'“" (CD45.1) bone marrow 
and J12/r** (CD45.2) bone marrow prepared 
from the littermates of 2Ir’ mice. Before in- 
fection, the ratio of CD45.1:CD45.2 CD8* T 
cells was 52:48 and 70:30 in the control and 
experimental cohorts, respectively. Nevertheless, 
both 12Ir‘“" and I2Ir’ virus-specific CD8* 
T cells were detectable in the circulation by 8 
days after LCMV-ClI 13 infection (Fig. 3). Thus, 
the elaboration of primary virus-specific CD8* T 
cell responses can occur independently of IL-21. 
Further tracking of virus-specific CD8* T cells 
in the circulation at 16 days after infection re- 
vealed a preferential and rapid loss of 1217” 
antiviral CD8* T cells. This was confirmed by 
enumeration of splenic responses 3 weeks after 
infection, which revealed a 40 times fewer num- 
ber of 112Ir’ virus-specific CD8* T cells by 
comparison with 2/r*’* counterparts in the same 
host (Fig. 3, C and D). These data illustrate the 
direct requirement of IL-21 for supporting and 
maintaining antiviral CD8" T cells during chronic 
viral infections. 

We next evaluated whether the addition of 
IL-21 enhanced antiviral CD8" T cells because 
the absence of IL-21—dependent signaling im- 
paired these responses. We investigated whether 
administration of IL-21 could improve responses 
and viral control in Cd4 “ mice because CD4* 
T cells are a principal source of this cytokine. 
These “helpless” mice do not usually control 
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LCMV-Cl 13 infection and develop severe CD8* 
T cell exhaustion (2, 5, 6, 10). Daily injections 
of recombinant IL-21 to LCMV-Cl 13-infected 
Cd4’~ mice enhanced the functional quality of 
virus-specific CD8* T cells, particularly the nu- 
cleoprotein (NP)39¢ epitope-specific population, 
which usually rapidly succumbs to exhaustion 
(Fig. 4). Importantly, IL-21 treatment resulted 
in lower viral titers (Fig. 4C). The delicate balance 
between the quality and size of the antiviral im- 
mune response and the hosts’ viral burden be- 


came apparent as 70% of the treated mice became 
moribund, reaching experimental endpoints re- 
quiring euthanasia. Illness and death after LCMV 
infection is classically associated with immuno- 
pathology (27). Thus, although IL-21 administra- 
tion canimprove antiviral CD8" T cell responses 
and viral clearance and has been safely used in 
the context of tumor immunotherapy in mice and 
humans, care will need to be taken before apply- 
ing this treatment strategy to chronic viral infec- 
tions (2/, 28, 29). 


Collectively, our findings provide insights 
into the determinants of the functional quality of 
CD8" T cell responses and the role of IL-21 in 
ensuring the successful control of infection. The 
results implicate IL-21 as a critical helper factor 
that couples the requirement for CD4* T cells, 
which produce this cytokine, to the elaboration 
and maintenance of polyfunctional CD8° T 
cells capable of clearing virus-infected cells. We 
observed that induction of IL-21—producing 
CD4" T cells is markedly reduced during the ini- 


Fig. 2. Severe cD8* i cell ex A a4+/* Not 24° B 
haustion and viral persistence in 10! 207” 007)“ 0.02) 2 16 . 
the absence of IL-21. Splenic g  . +0? 10? ON 44 
CD8* T cell responses and viral 5 - - On4 
titers were evaluated after LCMV- 2 Fa 
Cl 13 infection of 21°*, *, 10! 10! ’ ‘e 8 £10 , 
and ~~ mice. (A) Flow cytomet- (E039) MMM. 9:54) MME |0-47] GS 8 L N 
ric analysis of intracellular cy- Sl gt ee a a N N N 
tokine staining for IFN-y ands (11.755 e (8.9%) - (4.2%) = = N N N N 
IL-2 production by CD8* T cells “6 71N i N N N i 
Laat a wo? =§8 N Nii N N 
at 8 days after infection after O ; < 0 
restimulation without or with wo ee | fae ae GP33 NP396 GP276 NP205 
the indicated peptide epitopes. ie A 15) 0 [3:79] 0 hn 
Sse T cells — en i goes a get a "2a 121%” 
and the percentages of CD8", 2 , ; os 105 
IFN-y* cells that Sao L2 oe ” veel) asec Pee) an 
are reported in parentheses. (B) f - na r 108 
Percentages of epitope-specific Z a al ‘0! ‘ : Ss 
mae Hae nee uit co- 100 hor 488) 008 fee 4120. 100 er tat) & 0 25 50 75 100125 150 0 25 50 75 100 125 150 
produce IL-2 a ays after in- * oe 
fection. Error bars are SEM; *P < iz 0.38] ™ 0.18] 0.07 = 2’ Cd4-’ 
0.05 by comparison with 21** oo (15.3%) «0 (8.8%)| (4.7%) 5 Ube Be “) x ¥ Ry 
group. (C) Serum viral titers over FN we 10? 10? 5 . ce eee is x * ® 
time after LCMV—Cl 13 infection ot e x ae 
of 21, *, , and Cd4~* mice. di 3.40 487 173 , ee, aia cea — 
Results from individual mice are 3 Sw ae Pe a at ee at wt ee aet 0 25 50 75 100125 150 0 25 50 75 100 125 150 
shown; the dotted line represents = cn Days following infection 
the limit of detection. (D) IFN-y ~Y 
and IL-2 production by LCMV- pe, M21" es Naa" < N21 E CD43 PD-1 
specific CD8* T cells at 136 i Ay. Ah 0 100 ’ 100 ; 
days after infection. Gated CD8* 2 * ° z= #6 i 80 | , 
T cells are shown. (E and F) O 0 10 ’ 
CD43 and PD-1 expression by = ‘nt 10! 
GP33 tetramer* CD8* T cells sa 0.02 0.04. 0.04 sis 
from M21 (shaded), +/- a 40 402 402 408 ie 40’ 102 40? 40" 10? to 402 40? 408 = 20 
i at i ° 0.13] ” 0.18) * <0.01 = z : - aS 
aie aye pi Bg ze o 1 ie 40° 101 1 10° 10 109 to! 10 10° 104 
postinfection. The l27”- data fw 1? 10? "Marker Day 8 
shown in (D) and (F) are from © le 
mice that were aviremic at the 45.54 , 0.34, F 
time of analysis. Representative et te? oY ae Pot i0H 
or composite data are shown <0.01| ” <0.01 a 
from two independent experi- = Sf 108 10? 
ments (n = 3 to 6). © 5 ae a 60 
2 107 10! 10 * - 
é 0.19 ‘és zi - 0.23) 0.01 = ie 
ies 101 402 10? 104 ae 10’ 610% = 10 to 10 to? 10% 40° t0* is} 0 0 # 4 
* 0.16] ° om” 0.02 se 10° 10' 10° 10% 10% 10° 101 10% 10° 10 
‘oe 10° 10° 10° Marker Day 136 
WN 402 402 402 
a 
© 10! = 104 PY? 10! 
a 5.31 Mee 543 0.17 
3 10° 101 10 t0to* 1010? 402 t08t0* 10°40" 40? 10 t0# 
IFN-y 


19 JUNE 2009 VOL 324 SCIENCE www.sciencemag.org 


REPORTS 


Fig. 3. IL-21 acts directly to 
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tial phase of chronic viral infection, suggesting that 
this could be a general feature of infections that 
elicit nonprotective adaptive immune responses, 
such as hepatitis B virus, HCV, and HIV (6, 30). 
This poor induction of IL-21 may result from the 
failure to initiate robust CD4" T cell responses as 
well as the exhaustion or the viral-induced deple- 
tion of these cells that may occur during certain 
chronic infections. Therefore, we anticipate that 
the cautious development of approaches to mod- 
ulate the levels of IL-21, or regulate the induc- 
tion of cellular subsets that generate IL-21, will 
provide new therapeutic opportunities to improve 
immunity to diseases that require CD8* T cell 
responses to be controlled, such as chronic viral 
infection and tumors. 
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IL-21R on T Cells Is Critical 
for Sustained Functionality and 
Control of Chronic Viral Infection 


Anja Frohlich, Jan Kisielow,? Iwana Schmitz,’ Stefan Freigang,’ Abdijapar T. Shamshiev,* 
Jacqueline Weber,’ Benjamin J. Marsland,? Annette Oxenius,” Manfred Kopf** 


Chronic viral infection is often associated with the dysfunction of virus-specific T cells. Our 
studies using /21r-deficient (/21r~-) mice now suggest that interleukin-21 (IL-21) is critical for 
the long-term maintenance and functionality of CD8* T cells and the control of chronic lymphocytic 
choriomeningitis virus infection in mice. Cell-autonomous IL-21 receptor (IL-21R)—dependent 
signaling by CD8* T cells was required for sustained cell proliferation and cytokine production 
during chronic infection. 21° mice showed normal CD8* T cell expansion, effector function, 
memory homeostasis, and recall responses during acute and after resolved infection with several 
other nonpersistent viruses. These data suggest that IL-21R signaling is required for the 
maintenance of polyfunctional T cells during chronic viral infections and have implications for 
understanding the immune response to other persisting antigens, such as tumors. 


hronic viral infections, including HIV 
( and hepatitis B and C viruses (HBV and 

HCV), afflict >0.5 billion people world- 
wide. Although the reasons for ineffective anti- 
viral immunity remain poorly defined, studies 
of chronic infection with lymphocytic chorio- 
meningitis virus (LCMV) in mice and HIV, 
HCV, and HBV in humans show that the loss 
of T cell functionality, termed exhaustion, is a 
hallmark of chronic infection (/). Long-term 
maintenance of potent virus-specific CD8* T 
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cell responses requires help from CD4’ T cells 
and cytokines produced by T and non-T cells 
(2, 3). Specifically, members of a cytokine sub- 
family with receptors sharing the common gam- 
ma (y,) chain such as interleukin-2 (IL-2), IL-7, 
and IL-15 have distinct activities on the de- 
velopment and maintenance of antiviral effector 
and memory T cells (4-8). IL-21, an additional 
family member, has pleiotropic activities on 
CD4* T cells (9), although its role in antiviral 
CD8*" T cell responses is unknown. 

LCMV can cause acute or persistent infec- 
tion, depending on the viral isolate and the dose 
of infection. High-dose infection with the fast- 
replicating strain LCMV-Docile (or strain Clone 
13) results in virus persistence and exhausted 
virus-specific CD8* T cells. In contrast, low- 


dose infection is efficiently cleared in immuno- 
competent mice. 

To study the role of IL-21 in acute and chronic 
viral infection, we infected control and IIr® 
mice with low- [200 plaque-forming units (PFU)], 
intermediate- (2000 PFU), or high-dose (2 x 10° 
PFU) LCMV-Docile. Comparable expansion, cyto- 
kine production, and killing of virus-infected tar- 
gets by viral epitope gp33.4;-specific CD8" T 
cells were observed 8 days after infection, in- 
dicating that the IL-21 receptor (IL-21R) was 
not required for priming and differentiation of 
virus-specific CD8" T cells during the acute re- 
sponse (Fig. 1, A to C, and fig. S1, A to G). As 
expected, control mice infected with low or in- 
termediate doses mounted efficient long-term 
antiviral CD8" T cell responses and controlled 
the infection (Fig. 1, A to F), whereas infection 
with high-dose LCMV-Docile resulted in re- 
duced frequencies of and interferon-y (IFN-y) 
production by virus-specific T cells (Fig. 1, A to 
C), in addition to viral persistence (Fig. 1F). We 
detected exhausted 121” LCMV-specific CD8* 
T cells in response to low and intermediate virus 
doses starting at day 15 after infection (Fig. 1, A 
to D). After 5 weeks, we observed reduced fre- 
quencies and total numbers of gp33_4;-specific 
1121r* CD8* T cells in the blood and spleen. 
Moreover, the remaining gp33-4)-specific CD8* 
T cells failed to produce IFN-y, tumor necrosis 
factor-a, and IL-2 and did not proliferate upon 
stimulation, all of which are characteristics of 
exhausted T cells (Fig. 1C and fig. S1, H and J). 
Consequently, 2/7" mice developed chronic 
viremia after exposure to low or intermediate 
doses of virus (Fig. 1E and fig. S1K). Even at 
high-dose exposure, when both control and 12/7” 
mice developed a chronic infection, viral titers 
were increased in the latter (Fig. IF). The fre- 
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Fig. 1. IL-21R is essential for sustained antiviral CD8* T cell responses 
and control of viral infection. Control and /l21r” mice were infected with 
the indicated doses of LCMV-Docile. Blood samples (A) and splenocytes 
(B to D) were taken to monitor the presence of CD8* T cells specific for the 
QP33-41 epitope [(A), (B), and (D)] by flow cytometry. wt, wild-type control. 
Splenocytes were stimulated with gp33-4; peptide 4 hours before intracel- 
lular staining with antibodies to the indicated cytokines (C). Graphs show 
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frequencies of gp33-41° cells [(A) and (B)] and IFN-y* cells (C) of CD8* T 
cells or total number of gp33-41* CD8* T cells (D). Values indicate av- 
erages + SEM of four mice per group (A) or individual mice [(B) to (D)]. 
Viral titers in indicated organs at day 35 after infection with 2000 PFU 
(E) or 2 x 10° PFU (F) of LCMV-Docile are shown. Symbols represent 
values of individual mice. *P < 0.05. Representative data are shown from 
three independent experiments. 
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quency of IL-2— or IFN-y-producing gp¢1-g0- 
specific CD4* T cells was not affected in 217°” 
mice (fig. SIL). LCMV-specific neutralizing 
antibodies appeared late after infection (/0) and 
were undetectable in both control and 121°” 
mice up to 70 days after infection, whereas we 
observed nonneutralizing LCMV-specific immu- 
noglobulin G antibodies at day 19 in control 
mice and reduced by a factor of 3 in J/2Ir” 
mice infected with LCMV-Docile or LCMV-WE 
(fig. S1, M and N). 

1121r* mice showed normal acute CD8* T 
cell responses to and viral clearance of infec- 
tion with both influenza virus and vaccinia 
virus (fig. S2). Together, these results suggest 
that IL-21R was dispensable for acute antiviral 
CD8* T cell responses, but was essential for main- 
tenance of virus-specific CD8* T cells, sustained 
effector responses, and eventual control of chronic 
infection. 

To address whether IL-21R was required for 
memory T cell responses, we studied infection 
with LCMV strain WE, which is less virulent than 
LCMV-Docile and is cleared by CD8" T cells by 
day 10 after infection. Antigen-experienced LCMV- 
specific CD8* T cells constitute a stable pool of 
memory cells over long periods of time (//—/3). 
We observed no differences in gp33_4)-specific 
CD8* T cell frequencies in the blood between 
I21r* and control mice up to 70 days after infec- 
tion (Fig. 2A), At day 35, maintenance, cytokine 
production, and proliferation of memory gp33.4;—- 
specific CD8* T cells were unaffected in 1/217” 
mice (fig. S3). Hence, virus was effectively con- 
trolled and undetectable in the blood from day 11 
up to day 75 after infection (fig. S10). Memory 
mice were then challenged with a high dose of 
LCMV-WE, which triggered rapid expansion and 
cytokine production of gp33-41-specific memory 
CD8* T cells in both 1/21** and control mice, in- 
dicating efficient and protective recall responses in 
the absence of IL-21R (Fig. 2, B and C). In addition, 
we observed efficient recall responses of 21°” 
mice after immunization with replication-incompetent 
virus-like particles and challenge with vaccinia virus. 
(fig. S4). Taken together, these data clearly demon- 
strate that IL-21R is dispensable for efficient CD8 T 
cell effector and memory responses during acute 
and resolved infection with nonpersistent viruses. 

We next generated mixed bone-marrow chi- 
meras in which the marrow of irradiated CS7BL/6 
(B6) mice (CD45.1") was reconstituted with a 1:1 
mixture of bone marrow fiom J2/r*~ (CD45.2") 
and control (CD45.1°) mice, and 1:1 chimerism 
was confirmed in both CD4* and CD8* T cells 
(fig. SSA). After infection with LCMV-Docile, 
both control and IL-21R-deficient CD8" T cells 
expanded comparably during the acute phase 
(Fig. 3A), whereas we saw dramatic differences 
in CD8* T cell maintenance starting at 2 weeks 
after infection (Fig. 3, A and B). At day 35, the 
frequency of gp33.4)-specific 21°” CD8* T cells 
and IFN-y-producing CD8" T cells was reduced as 
compared with that in controls (1.3 + 0.5% versus 
6.7 + 2.2% and 1.22 + 1% versus 4.9 +1.8%, 


Fig. 2. IL-21Risnotree A 
quired for CD8* T cell 
memory and recall after 
resolved viral infection. 
Control and 21°” mice 

were infected with 2000 

PFU of LCMV-WE. (A) 
Gp33-41-specific CD8* T 
cells were measured in 

the blood at indicated a af 49 60 ae 
days. (B and C) LCMV- 
WE-infected mice were 
challenged with 2 x 10° 30 
PFU of LCMV-Docile at 
day 50. Frequencies of 
QP33-a1-specific CD8* T 
cells in the blood at 
indicated days (B) and 
IFN-y—producing gp33-41- 
specific T cells in the 
spleen at day 7 after 
challenge (C) are shown. 
Values indicate percent- 
ages and represent averages of groups of mice (n = 4 or 5 per group) + SD (A). Symbols represent 
individual mice [(B) and (Q)]. Representative data are shown from two independent experiments. 
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Fig. 3. IL-21R signaling is required for sustained in vivo proliferation of antiviral CD8* T cells. IL-21R** 
(wt) (CD45.1)/l21r~ (CD45.2) mixed bone-marrow chimeras were infected with 2000 PFU of LCMV- 
Docile, and antiviral CD8* T cell responses were measured in the blood (A) and in the spleen (B to E). 
Shown are frequencies of wt or IL-21R—deficient gp33-41-specific CD8* T cells at indicated days [(A) and 
(B)] and gp33-41-specific T cells producing IFN-y at day 35 (C), as measured by intracellular staining. (D) 
At day 10 after infection, bone-marrow chimeras received daily injections of BrdU for 4 days, and BrdU 
incorporation by wt or IL-21R—deficient CD8* T cells was determined by BrdU staining and flow 
cytometry 1 and 5 days later (days 14 and 19). (E) Flow cytometric analysis of PD-1 expression by wt and 
IL-21R—deficient CD8* T cells at day 35 after infection. Graphs represent histograms of PD-1 expression 
by control (CD45.1) or /121r°* (CD45.2) cells gated on gp33-a1-specific CD8* T cells (top) or total CD8* T 
cells (bottom). MFI, mean fluorescence intensity. Graphs show a representative sample of a group of mice 
(n = 4). Values indicate average + SD. Representative data are shown from two independent 
experiments. 
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Fig. 4. IL-21 is mainly A 
produced by virus-specific 
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iono, calcium ionophore. (C) IL-21 expression by CD4* and CD8* T cells (purity >90%) from infected mice as measured by quantitative polymerase chain reaction. Representative 
data are shown from two independent experiments [(A) and (B)]. 


respectively) (Fig. 3, B and C), demonstrating 
that CD8" T cells required cell-autonomous IL-21R 
signaling for sustained responses during chronic 
LCMV infection. The virus was not cleared by 
day 35 in mixed bone-marrow chimeras (fig. 
SSB). Reduced frequencies of LCMV-specific 
IL-21R-deficient CD8* T cells may result from 
impaired proliferation or from increased cell 
death. To address this question, LCMV-Docile— 
infected mixed bone-marrow chimeras were in- 
jected with bromodeoxyuridine (BrdU) at 24-hour 
intervals from days 10 to 13 after infection. IL- 
21R-deficient CD8" T cells showed strikingly 
reduced proliferation as compared with control 
CD8" T cells (50% versus 25%) at day 14 after 
infection (Fig. 3D). Six days after the last pulse, 
BrdU" populations of control and J22/r” CD8* 
T cells were reduced by half (~20% versus 10%) 
(Fig. 3D) as compared with the respective popu- 
lations at day 14, which indicated a similar con- 
traction of control and IL-21R-deficient CD8* T 
cells. These data suggest that IL-2 1 R—dependent 
signaling in CD8" T cells was required for their 
continuous proliferation during chronic infection 
and not for their survival. 

Chronic viral infection and CD8* T cell dys- 
function have been strongly associated with 
sustained expression of the inhibitory receptor 
programmed death 1 (PD-1) (/4, 15). We found 
that PD-1 was strongly expressed by the vast ma- 
jority of both gp33.4:-specific control and 21°” 
CD8" T cells in mixed bone-marrow chimeras 
5 weeks after infection. (Fig. 3E). Similar results 
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were obtained by comparing PD-1 expression 
on CD8* T cells in control and /2/r* mice 
(fig. S6). 

Like PD-1, the inhibitory cytokine IL-10 can 
interfere with antiviral T cell responses and 
the clearance of LCMV (16, 17). The frequency 
of IL-10—-producing cells peaked in the acute 
phase of LCMV infection. Surprisingly, the fre- 
quency of IL-10—producing cells was decreased 
in 121r” mice (Fig. 4A). Most IL-10* cells 
were macrophages (fig. S7). Thus, CD8" T cell 
exhaustion in J22/r’ mice is not associated 
with up-regulation of IL-10. 

The above results demonstrate that virus- 
specific CD8™ T cells require IL-21 to prevent ex- 
haustion during chronic viral infection. We next 
wanted to define the cellular source of IL-21. In- 
tracellular staining showed that a fraction of 
2P61-80 epitope-specific CD4* T cells coproduced 
IFN-y and IL-21 in response to LCMV-Docile 
infection, whereas substantial IL-21 production 
by virus-specific CD8" T cells was detectable 
only by combined phorbol ester and calcium 
ionophore stimulation (Fig. 4B). Consistent with 
protein expression, IL-21 mRNA expression 
was considerably higher in CD4* than in CD8* 
T cells (Fig. 4C). Thus, CD4" T cells are the likely 
source of IL-21 that helps to sustain CD8* T cell 
functionality, although autocrine-produced IL-21, 
or IL-21 produced by another immune cell, may 
also play a role. Among CD4" subsets, T helper 
cell 17 cells have been suggested to be the main 
producers of IL-21; however, we did not detect 


IL-17-producing gp¢1-go-specific CD4* T cells at 
days 8 and 15 after infection (fig. S7C) 

Our data show that IL-21—dependent signal- 
ing is critical for the prevention of T cell ex- 
haustion and control of chronic viral infection. 
Comparison of IL-21R and IL-2R—dependent 
signaling in the regulation of antiviral T cell 
responses reveals interesting differences in the 
requirements for y. cytokines during viral in- 
fection. Although both IL-2Ra and IL-21R are 
dispensable for acute CD8* T cell expansion 
and effector function (4, 5), they are both es- 
sential for the maintenance of CD8* T cells 
during chronic infection (4). In contrast, only 
IL-2Ra is required for recall responses. During 
the acute primary response, it is thought that 
IL-2 programs the long-term fate of CD8" T 
cells to mount a secondary response (5). IL-2 
therapy during the chronic phase has been shown 
to enhance antiviral CD8" T cell responses and 
viral clearance (/8). Our results imply that a 
combination therapy of IL-2 and IL-21 may be 
more beneficial for treatment of chronic viral 
infection. 
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Merkel Cells Are Essential for 
Light-Touch Responses 


Stephen M. Maricich,’* Scott A. Wellnitz,? Aislyn M. Nelson,” Daine R. Lesniak,? 
Gregory J. Gerling,? Ellen A. Lumpkin,?*>°t Huda Y. Zoghbi?2>7+ 


The peripheral nervous system detects different somatosensory stimuli, including pain, temperature, 

and touch. Merkel cell-neurite complexes are touch receptors composed of sensory afferents and Merkel 
cells. The role that Merkel cells play in light-touch responses has been the center of controversy for over 
100 years. We used Cre-loxP technology to conditionally delete the transcription factor Atoh1 from the 


body skin and foot pads of mice. Merkel cells are absent from these areas in Atoh 


1° animals. Ex vivo 


skin/nerve preparations from Atoh1“° animals demonstrate complete loss of the characteristic 
neurophysiologic responses normally mediated by Merkel cell-neurite complexes. Merkel cells are, 
therefore, required for the proper encoding of Merkel receptor responses, suggesting that these cells 
form an indispensible part of the somatosensory system. 


ifferent qualities of touch are encoded by 
discrete touch receptors, each with dis- 
tinctive coding properties (/—3). One form 
of light touch important for tactile discrimination 
of shapes and textures is mediated by Merkel 
cell-neurite complexes, which exhibit a charac- 
teristic response to light skin indentation (4, 5). 
Merkel cell-neurite complexes are composed 
of nerve fibers associated with Merkel cells, an 
enigmatic skin cell population first described in 
1875 (6). In mammalian skin, Merkel cells are 
normally found in whisker follicles of the face, 
specialized epithelial structures of the hairy 
skin called touch domes, and epidermal invag- 
inations of the plantar foot surface called rete 
ridges (7). Merkel cells have been proposed to be 
the sensory receptor cells of the complexes be- 
cause they form synaptic contacts with somato- 
sensory afferents (8, 9); however, studies that 
indirectly tested this model have yielded con- 
flicting results (10-16). 
Atoh! is a basic helix-loop-helix transcription 
factor expressed by Merkel cells in all areas of 
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the skin (17). Atoh/ null mice die within minutes 
of birth, which prevents a detailed assessment of 
nonlethal phenotypes resulting from deletion of 


Fig. 1. Hoxb1™ abolishes 
Atoh1" expression in the 
body but not the face. 
Wholemount X-gal staining 
of E16.5 embryos revealed 
B-galactosidase expression 
driven from the ROSA‘°® 
(A to A") or Atoh1'*7 (B 
to C’) loci. (A) Hoxb1°*; 
ROSA?" embryo. Hoxb1 
expression is absent from 
the majority of the head. 
Boxes denote regions shown 
in (A) and (A’). (A’ and A”) 
Body skin and whisker 
pad, respectively, from a 
Hoxb1“*; ROSA’?* em- 
bryo counterstained with 
nuclear fast red. Staining 
is present throughout the 
epidermis and dermis of 
the body skin, whereas vir- 
tually no staining is seen 
in the whisker pad. The 
bracket in (A’) denotes a 
developing touch dome. 
WF, whisker follicle. (B) 
Atoh1'*~* embryo show- 
ing f-galactosidase ex- 
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the gene. We used the Hoxb1~ allele (18), which 
is expressed throughout the dermis and epidermis 
of body skin, but not head skin (Fig. 1, A to A”), 
to delete a floxed allele of Atoh! (Atohl””) (19) 
in transgenic mice (20). Conditional knockout 
(AtohI“*°) animals were born in the expected 
Mendelian ratio, but roughly 50% of these ani- 
mals died within 24 to 36 hours of birth. 

The overall structure of the touch dome, 
including the palisading epithelium and location 
of the guard hair, was preserved in Atoh]*? 
animals (Fig. 1, B and C, and Fig. 2, A and B). 
Atoh1 is a positive autoregulator of its own 
expression (2/), so we analyzed B-galactosidase 
expression driven by the Atoh““ knock-in al- 
lele (22) to demonstrate that Atoh/ was deleted 
from the skin of E16.5 AtohI*° mice (Fig. 1, B 
and C). Xgal staining was found in touch domes 
and foot pads of heterozygous AtohI'“~* mice 
but not Atoh1? animals (Fig. 1, B’ and C’). To 
determine whether Merkel cells were present, we 


pression in the whisker pad (bracket) and touch domes of the skin. The box denotes the region shown in (B’). 
(B’) Hoxb1”*; Atoh1'“"™ embryo body skin showing staining in individual touch domes. (©) Atoh1° embryo 
showing B-galactosidase expression driven from the Atoh1 locus in the whisker pad (bracket), but absent from 
touch domes of the skin (box). (C’) Atoh1“ embryo body skin. Touch domes are present but lack the WT 
staining pattern. Scale bars, 5 mm [(A), (B), and (C)]; 400 um [(B’) and (C’)]; 100 um [(A’) and (A")]. 
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used immunocytochemistry to compare the ex- 
pression pattern of keratin 8, an intermediate fila- 
ment protein specifically expressed by Merkel 
cells in adult mammalian skin (23, 24), with that 
of B-galactosidase protein expression driven from 
the AtohI‘“ locus (Fig. 2). Both proteins were 
expressed by Merkel cells in all regions of 
AtohI“°“* animals but were absent throughout 
the body of AtohI“° animals, except for the 
whisker pads where Hoxb1“ is not expressed. 
We also found that VGLUT2 and Rab3c, two 
synaptic vesicle proteins that robustly label Merkel 
cells (8, 25, 26), were absent from the epidermis 
of body skin and foot pads (Fig. 3, A and B, and 
fig. S2) but were present in whisker pads of 
AtohI*° animals. We confirmed these findings 
by examining more than 100 touch domes, 16 foot 
pads, and 8 whisker pads from four adult AtohI“*? 
mice. These results differ from a previous report 
from our group suggesting that Merkel cells are 
present in Afoh/-null embryos (/7). That study 
was limited by the necessity of examining pre- 
natal mice, because Atoh/-null animals die within 
minutes of birth secondary to respiratory failure 


(22). Here, our use of conditional knockout ani- 
mals enabled us to examine specific Merkel cell 
markers in fully developed skin and to show Merkel 
cell loss in AtohI*°? mice. To our knowledge, 
Atoh] is the first gene shown to be necessary for 
the specification of Merkel cells. Our data also 
demonstrate that Merkel cells are not necessary to 
specify or maintain touch dome ultrastructure, as 
guard hairs and the overlying keratinocytes appear 
completely normal in the hairy skin of AtohI“*? 
mice. 

Crescent-shaped clusters of Merkel cells are 
normally found within each touch dome, where 
they are innervated by a single sensory afferent 
that expresses neurofilament 200 (NF200) in 
large- and medium-sized branches and VGLUT2 
in terminal branches (8, 26) (Fig. 3A). Innerva- 
tion of touch domes was present in wild-type 
(WT) and AtohI*? animals, as revealed by 
NF200 immunocytochemistry (Fig. 3, A and B). 
However, there was exuberant branching of the 
VGLUT2-positive, NF200-negative terminal 
ends of touch dome afferent fibers of Atoh]*° 
animals (Fig. 3B). We confirmed this observation 


Fig. 2. Merkel cells are 
absent from the body 
skin and foot pads of 
Atoh1S®° animals. All 
tissue is from P22 ani- 
mals, and all images are 
z-stack projections of con- 
focal images. (A to B"™) 
Skin from Atoh1“~* (A 
to A’”) and Atoh1° (B to 
B’”’) animals. Brackets 
denote a single touch 
dome. Subpanels in (A) 
to (A’”) show Merkel cells 
(arrows) from the WT 
touch dome denoted by 
the bracket, whereas 
none are seen in the 
Atoh1“ animal [subpan- 
els in (B) to (B’”)]. D, 
dermis; GH, guard hair. 
(C to D’”) Hind foot pad 
from Atoh1!°~* (C to C’”) 
and Atoh1° (D to D’”) 
animals. Brackets denote 
epidermal rete ridges, 
asterisks denote areas 
shown in the insets, and 
arrows in (C to C’”) mark 
individual Merkel cells. 
Cells positive for keratin 
8 and B-galactosidase are 
absent from Atoh1S*° 
body skin and foot pad. 
(E to F”’) Whisker pad 
from Atoh1'°~* (E to E’”) 
and Atoh1° (F to F’”) 


Touchdome 


Foot Pad 


Whisker Pad 


Atoh1 © 


pydqqy 


thiday 


animals. There is no difference in the immunostaining patterns between the two genotypes. Dotted boxes 
outline areas shown in the insets. HS, whisker hair shaft. All keratin 8-positive cells were also B-galactosidase- 
positive and vice versa in all tissues of both genotypes. Scale bars, 25 um in all panels; 12.5 um in subpanels 


and insets. 
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using in vivo subcutaneous injections of the styryl 
dye FM 1-43. FM 1-43 strongly labels sensory 
cells, including Merkel cells, and their afferent fi- 
bers in vivo (27) in WT mice, permitting whole- 
mount analysis of Merkel cell-neurite complex 
structure (Fig. 3C). Afferent terminal branches 
were labeled in the touch domes of AtohI*° ani- 
mals, despite the absence of Merkel cells (Fig. 3D). 
Both of these methods demonstrated that touch 
domes in AtohI*° animals display excessive ter- 
minal branching compared with WT animals. 
These data suggest that, although Merkel cells 
are not necessary for the development or main- 
tenance of touch dome innervation, they play a 
role in the acquisition of the typical terminal 
arborization pattern of touch dome afferents. Sev- 
eral neurotrophins have been implicated in the 
development and maintenance of Merkel cell in- 
nervation (28, 29). Our data also demonstrate that 
Merkel cells cannot be the primary source of these 
trophic factors. 

Many different afferent somatosensory fiber 
types innervate the skin (30). These fibers can be 
grouped by conduction velocity into three broad 
categories: AB, Ad, and C fibers (table S1). 
Nociceptors and temperature receptors are pri- 
marily of the Ad and C subtypes, whereas light- 
touch sensation is mediated by AB fibers. The 
AB fiber subclass can be further subdivided 
by the adaptation characteristics of the fibers: 
Slowly adapting type I (SAI) fibers innervate 
Merkel cell-neurite complexes (5), SAII fibers are 
thought to innervate Ruffini corpuscles, and rap- 
idly adapting (RA) fibers innervate Meissner 
and Pacinian corpuscles (/). Each of these 
subclasses is important for detecting a specific 
form of touch (/). Together with the presence 
of touch dome innervation, the absence of Merkel 
cells in AtohI“*° animals provided the perfect 
opportunity to test whether Merkel cells are re- 
quired for mechanotransduction by their inner- 
vating nerve fibers. 

The overall population of cutaneous affer- 
ent receptors is normal in AtohI*° animals 
(Fig. 3, J to L). We applied electrical and me- 
chanical stimuli to the epidermal surface of ex 
vivo skin/saphenous nerve preparations from 
WT and AtohI“? animals and simultaneously 
recorded extracellular responses from teased af- 
ferent fibers (Fig. 3, E to M). There were no 
differences between WT and Atoh1“? mice in 
the mechanical thresholds (Fig. 3J), conduction 
velocities (Fig. 3K), or proportions (Fig. 3L) of 
touch-sensitive fibers (P > 0.1 by Mann-Whitney 
U test). 

We next focused specifically on the AB fiber 
population. The distribution of AB subtypes re- 
vealed a conspicuous loss of SAI responses 
among slowly adapting Af afferents in Atoh]*° 
animals [7 = 0 out of 27 (0/27) afferents] 
compared with WT animals (7 = 8/39 afferents) 
(Fig. 3M). We also observed a proportional 
expansion of other Af afferent subtypes (20) in 
AtohI*° mice. These data are consistent with a 
complete loss of mechanosensitive SAI fibers. 
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Thus, canonical SAI responses elicited by touch 
require Merkel cells. It is possible that touch 
dome afferents lacking Merkel cells remain in- 
trinsically touch sensitive but possess different 
electrophysiological properties. For example, 
they could be represented in the “ambiguous” 
class (fig. S1); however, they are unlikely to con- 
stitute the whole population because we observed 
similar responses in WT mice. 

For more than a century, neurobiologists have 
postulated that Merkel cells are responsible for 
the specialized coding properties that allow their 
afferent nerves to resolve fine spatial details. Our 
genetic knockout approach has allowed us to 
directly test this hypothesis and to demonstrate 
that Merkel cells are essential for these responses. 
Because Merkel cells fail to develop in AtohI*? 
mice, a key question that remains is whether 
Merkel cells, somatosensory neurons, or both are 
sites of mechanotransduction in the skin. Selec- 
tive and acute control of Merkel cell signaling 
will be necessary to determine whether Merkel 
cells act as sensory receptor cells or serve another 
role in touch. 
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Recruitment of an Area Involved in Eye 
Movements During Mental Arithmetic 


André Knops,”’”3* Bertrand Thirion,”* Edward M. Hubbard,» 
Vincent Michel,”?* Stanislas Dehaene?’2:?° 


Throughout the history of mathematics, concepts of number and space have been tightly 
intertwined. We tested the hypothesis that cortical circuits for spatial attention contribute to mental 
arithmetic in humans. We trained a multivariate classifier algorithm to infer the direction of an eye 
movement, left or right, from the brain activation measured in the posterior parietal cortex. 
Without further training, the classifier then generalized to an arithmetic task. Its left versus right 
classification could be used to sort out subtraction versus addition trials, whether performed with 
symbols or with sets of dots. These findings are consistent with the suggestion that mental 
arithmetic co-opts parietal circuitry associated with spatial coding. 


he human species is unique in its capac- 
ity to create revolutionary cultural inven- 
tions such as writing and mathematics, 
which dramatically enhance its native compe- 
tence. From a neurobiological standpoint, such 
inventions are too recent for natural selection to 
have dedicated specific brain mechanisms to 
them. It has therefore been suggested that they 
co-opt or “recycle” evolutionarily older circuits 
with a related function (/), thus enriching (with- 
out necessarily replacing) their domain of use. 
For instance, learning to read recruits a left in- 
ferotemporal area originally engaged in object 
recognition, and even the seemingly arbitrary 
shapes of our letters may originate in a neural 
repertoire of junction detectors that are useful 
for scene recognition and available to all pri- 
mates (2). In the case of mathematics, although 
foundational intuitions such as number sense 
(3) and spatial maps (4) are present in many 
animal species and in humans before their edu- 
cation, mathematical constructions vastly exceed 
these initial domains of inherited competence. 
It has been argued that analogies between num- 
ber and space play a crucial role in the expansion 
of mathematical concepts (5). We investigated 
the role of brain areas for spatial coding in mental 
arithmetic. 

Many behavioral experiments have demon- 
strated automatic links between number and 
space. Even young children and uneducated 
adults readily conceive of numbers as forming 
an internal spatial continuum or “mental number 
line” (6). Merely perceiving an Arabic digit suf- 
fices to elicit a spatial bias in both attentional 
orienting (7) and manual responses (8), with 
small numbers inducing a left-sided and large 
numbers a right-sided advantage in left-to-right 
readers. When adults perform approximate ad- 
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ditions and subtractions, they overshoot toward 
larger numbers for addition and toward smaller 
numbers for subtraction, as if carried along by 
spatial momentum (9). Perhaps the most con- 
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clusive evidence for numerical-spatial links 
comes from the syndrome of spatial hemineglect, 
in which brain-lesioned patients fail to attend to 
one side of space, usually the left side. When 
such patients attempt to bisect a numerical in- 
terval, their responses are shifted toward larger 
numbers, as if neglecting the left half of the 
numerical segment, where small numbers are 
represented (/0). 

The brain mechanisms of these numerical- 
spatial interactions, however, remain largely un- 
known. In both monkeys and humans, number 
processing recruits a brain area deep within 
the horizontal aspect of the intraparietal sulcus 
(hIPS) (7, 12). This site partially overlaps with 
the ventral intraparietal cortex (VIP), an area 
coding for multimodal spatial movement and 
tightly interconnected with the nearby lateral 
intraparietal cortex (LIP), which is involved in 
saccadic and attention control (/3—/5). A model 
of the VIP-LIP circuitry proposes that it imple- 
ments a form of vector addition of eye and retinal 
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Fig. 1. (A) Schematic depiction of a calculation trial. After the initial presentation of an in- 
structional cue [A, S, or C for addition, subtraction (shown here), or color task, respectively], two 
quantities were presented successively, either as dot patterns or Arabic digits. After a variable delay 
period, seven response alternatives appeared on the screen and participants had to choose the 
alternative closest to the actual outcome. (B) Brain activation in the calculation task and the saccades 
localizer task projected on lateral and top views of the brain. The images shown result from contrasting 
symbolic (red) or nonsymbolic (green) calculation to the color task and from contrasting saccades to rest 
(blue) (P = 0.005, uncorrected). 
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position information (/6). We therefore reasoned 
that this circuit might be co-opted for a similar 
function in the arithmetic domain. Given the 
cultural link in left-to-right readers between small 
numbers and the left side of space, and large 
numbers and the right side of space, we predicted 
that mental addition, which increases number 
size, would be associated with a rightward shift of 
attention and subtraction with a leftward shift. 
Hence, the activation pattern in the parietal cortex 
during addition would resemble the activation 
pattern associated with a rightward eye move- 
ment, whereas subtraction would resemble a 
leftward eye movement. 

In a 3 Tesla functional magnetic resonance 
imaging (fMRI) scanner, participants first per- 
formed a localizer task for eye movements. By 
contrasting eye movements against fixation, we 
isolated a set of six cortical regions that are 
classically associated with saccades, and we used 
them in all subsequent classifier-based analyses 
(17): the bilateral posterior superior parietal 
lobule (PSPL), at a site overlapping with the 


A Classification of left-right saccades 


in region PSPL 


proposed human homolog of monkey area LIP 
(/8); the bilateral frontal eye fields (FEF) proper; 
and two clusters of activation lateral to the FEF 
(IFEF; Fig. 1B). 

Participants performed a second set of {MRI 
runs during which they moved their eyes either 
rightward or leftward on randomly intermixed 
trials. We adopted a machine learning approach 
to search for a linear combination of these voxel- 
based activation signals that reliably separated 
leftward and rightward saccades (19). We trained 
a linear support vector machine as a classifier, 
using a 10-fold cross-trial validation approach in 
which the classifier is first trained on a random 
subset of 90% of activation images (one image 
per trial), and then performance is evaluated on 
the remaining 10% of trials. The process was 
repeated 100 times, each time with a new random 
assignment of trials. Using only voxels from the 
bilateral PSPL region, we obtained a mean accu- 
racy across all participants of 70.3 + 2.4% (1 SE), 
which is significantly above the chance level of 
50% [Student’s ¢ test (14) = 8.39, P < 0.001]. 


B Generalization from saccades to 
calculation in region PSPL 
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Fig. 2. (A) Classification performance (d') for each participant in the saccades task (participants 
are sorted according to a’). (B) Classification performance (d’) per participant for generalization of 
the classifier trained on left/right saccades to subtraction/addition trials. (C) Voxel clusters in left 
and right PSPL region that resulted from the saccade localizer task and served as ROI for the 
classifier, rendered on the white matter/gray matter boundary. (D) Percentages of trials classified 
as right saccades for subtraction (orange), addition (light blue), and left and right saccades (red 


and dark blue, respectively). 


Analysis by signal detection theory gave similar 
results [average sensitivity index d' across par- 
ticipants = 1.1 + 0.15, 414) = 7.58, P < 0.001]. 
Thus, saccade direction, which is known to be 
coded by neurons in monkey area LIP, could be 
inferred from fMRI of the human posterior parie- 
tal cortex. 

We then examined whether the same classi- 
fier, without further training, would generalize to 
approximate arithmetic. In new fMRI runs, par- 
ticipants saw two successive numbers (presented 
as Arabic numerals or as sets of dots), mentally 
calculated their approximate sum or difference, 
and subsequently chose the closest number 
among seven possible outcomes. We concen- 
trated on brain activation just after the presenta- 
tion of the second operand, at which time the 
participants performed the calculation (Fig. 1A). 
Calculation activated a network of brain areas 
comprising the bilateral hIPS, prefrontal and pre- 
motor areas, with considerable overlap between 
both notations (Fig. 1B). Calculation overlapped 
only partially with saccades in the bilateral PSPL, 
but, as predicted, the classifier trained with 
bilateral PSPL activations during saccades 
generalized to calculation images. Equating addi- 
tion with rightward saccades and subtraction with 
leftward saccades, the mean accuracy for infer- 
ring whether an addition or subtraction was per- 
formed, averaged over all participants, was 55.0 + 
1.8%, which is significantly greater than chance 
[4(14) = 2.78, P=0.015; d'=0.31 + 0.10, (14) = 
2.85, P= 0.013]. 

Further analyses showed that when the sac- 
cades classifier was tested with addition images, 
it classified them as rightward saccades 61% of 
the time (Fig. 2D), which is above the chance 
level [#(14) = 2.35, P = 0.03]. For subtraction, 
however, only 49.1% of images were classified 
as leftward saccades [14) = —0.16, n.s.]. This 
asymmetry, although unexpected, is congruent 
with earlier reports of larger rightward saccades 
in response to large numbers, relative to left- 
ward saccades in response to small numbers 
(20), and might reflect reading habits in Western 
cultures. 

A key aspect of the cortical recycling view is 
that saccadic areas of the posterior parietal 
lobule should contribute to calculation, not only 
when performed with concrete sets of objects 
but even with Arabic numerals, which are a 
recent product of human culture. We therefore 
tested the generalization from saccades to calcu- 
lation in each notation separately. The saccade- 
trained classifier could distinguish addition from 
subtraction with an average accuracy of 54.3 + 
2% for Arabic numerals [#(14) = 2.26, P = 0.02; 
d' = 0.38 + 0.11, (14) = 2.1, P = 0.054] and an 
average accuracy of 55.8 + 2% for nonsymbolic 
notation [4(14) = 2.93, P = 0.005; d' = 0.38 + 
0.14, #14) = 2.74, P = 0.016]. Thus, both sym- 
bolic and nonsymbolic calculations rely in part 
on brain circuits for saccadic eye movements. 

As a further test of this sharing of resources 
for nonsymbolic and symbolic arithmetic, we also 
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examined the ability to predict which operation 
was being performed in one notation, on the basis 
of a classifier trained to sort additions from sub- 
tractions in the other notation. This cross-notation 
generalization yielded good results, both for the 
prediction of nonsymbolic calculation from the 
symbolic notation [mean accuracy 60.7 + 2.5%, 
(14) = 4.37, P< 0.001; d’ = 0.53 + 0.16, 1114) = 
3.32, P= 0.005] and vice versa [mean accuracy 
62.2 2.1%, (14) =5.71, P< 0.001; d’=0.75 + 
0.14, 1114) = 5.39, P < 0.001]. This finding 
indicates that the PSPL region is comparably 
involved in solving mental arithmetic problems 
in both notations. Approximate arithmetic with 
sets of dots is part of an inherited number sense 
available to infants (2/7) and nonhuman primates 
(22), but the cross-notation generalization proves 
that the corresponding brain circuitry is also used 
by arithmetic with culturally specific Arabic 
numerals. 

Given the observed parietal cross-talk, one 
may wonder whether the arithmetic task, al- 
though involving only central visual presenta- 
tions and a constantly present fixation point, led 
to overt eye movements. Eye position was con- 
tinuously monitored throughout fMRI, and we 
found no detectable change in horizontal fixation 
at or around the time of the arithmetic calculation 
(/7). Furthermore, the observed cross-talk was 
specific to the posterior parietal cortex. Activa- 
tion patterns in FEF and IFEF could be reliably 
used to classify left versus right saccades [56.9 + 
2.4%, t(14) = 2.87, P= 0.012, and 57.8 + 2.4%, 
(14) = 3.3, P= 0.005, respectively], but this clas- 
sification did not generalize to addition versus 
subtraction {49 + 5.3% [#(14) =—0.18, P= 0.86] 
and 49.2 + 6.3% [#(14) = -0.12, P = 0.9, re- 
spectively|]}. The absence of decodable FEF 
activation during arithmetic confirms that calcu- 
lation specifically engages parietal rather than 
frontal spatial mechanisms and involves covert 
visuospatial mechanisms, not overt eye move- 
ments. As a final test of the specificity of our 
results to the PSPL area, we repeated the major 
analyses with two control regions (hand motor 
area M1 and hIPS). None of these regions yielded 
better-than-chance generalization from saccades 
to calculation (17). 

We demonstrated that a multivariate clas- 
sifier can distinguish between brain activa- 
tions during mental addition and subtraction, 
after having been trained on images from a 
separate experiment requiring saccades to the 
right or left. This generalization was observed 
with numbers presented either as Arabic sym- 
bols or as nonsymbolic sets of dots, which im- 
plies shared cognitive processes between both 
notations. The observed generalization goes 
beyond previous demonstrations of classifier- 
based decoding of line orientation and other 
pictorial contents from early visual areas (23-26); 
object identity and category from the ventral 
visual cortex (27); noun identity from distrib- 
uted cortical regions (28); or intentions from 
premotor, prefrontal, and striatal sites (29). Al- 
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though generalization was found across dif- 
ferent image sizes (27), from real to imagined 
images (26), or from trained nouns to novel 
nouns (28), inference remained confined to the 
trained domain. In contrast, the present research 
demonstrates generalization from a low-level 
sensorimotor task to a high-level cognitive task 
involving learned cultural symbols. 

Our results confirm a prediction first made 
by Hubbard et al. (/3) that mental calculation 
can be likened to a spatial shift along a mental 
number line. In a certain sense, when a West- 
em participant calculates 18 + 5, the activa- 
tion moves “rightward” from 18 to 23. This 
spatial shift relies on neural circuits in the PSPL 
shared with those involved in updating spatial 
information during saccadic eye movements. 
The findings are reminiscent of the “embodied 
cognition” perspective, which stipulates that 
perceptual and action mechanisms lie at the 
core of human abstract thinking (30). However, 
the recycling view that we propose does not 
imply that all concepts originate in sensori- 
motor learning. Indeed, there is ample evidence 
that numerical concepts have a long evolu- 
tionary history and a dedicated neuronal cir- 
cuitry in the intraparietal cortex, partially distinct 
from neighboring visuospatial circuits (37). Our 
proposal is that human mathematics builds 
from foundational concepts (space, time, and 
number) by progressively co-opting cortical 
areas whose prior organization fits with the 
cultural need. The PSPL area, perhaps because 
of its capacity for vector addition during eye 
movement computation (/6), appears to have a 
connectivity or internal structure relevant to 
arithmetic. 

The contribution of the PSPL appears to be 
fundamentally different from the function of other 
regions such as the FEF or hIPS, where no gen- 
eralization from saccades to calculation was found. 
The PSPL is active not only during saccades but 
during a broad variety of tasks involving as a 
common denominator the representation, updat- 
ing, or attention to spatial locations. This makes it 
an ideal site for explaining the broad variety of 
numerical-spatial interactions that have been 
observed behaviorally with eye, hand, or atten- 
tion movements (/3). 

Like any fMRI study, the present work is 
correlative and cannot establish whether the 
observed PSPL activation plays a causal role 
in calculation. One interpretation is that the 
PSPL is causally recruited during the actual 
computation of the result of arithmetic opera- 
tions. Another is that calculation is effected 
by other means and that the PSPL activation 
merely reflects a subsequent spread of activa- 
tion to visuospatial areas, perhaps because the 
final numerical result attracts attention on the 
mental number line. To separate those alterna- 
tives, future work should evaluate the impact 
of temporary or permanent lesions; for instance, 
using transcranial magnetic stimulation of dorsal 
parietal areas, which has already been shown 
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to cause joint impairments in attentive visual 
search and arithmetic (32). 
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Technologies for Gene Transfer AAAS/Science Business Office Feature 


GENE TRANSFER: 
TAMING DIVERSITY 


Transferring specific nucleic acids into cells can modulate gene function, thereby re- 
vealing the mechanism of action and ultimate role of specific stretches of DNA. None- 
theless, getting the nucleic acids into the right cells efficiently and without damaging 
them creates challenges as diverse as the cells themselves. By Mike May 


o study the processes behind gene expression, scientists often want to 
modify a specific cell’s genome with selected nucleic acids. Making gene 66 Every cell type, especially cultured 
transfer work—getting nucleic acids from one cell into another—requires 
solving many problems. “Every cell type, especially cultured cells, has a 
different tolerance for each approach to gene transfer,” explains Warren E. cells, has a different tolerance for 
Zimmer, Scott Exter Professor in the department of systems biology and translational 
medicine at the Texas A&M Health Science Center in College Station. 
Transfection experiments can be performed using a range of approaches: 
chemical, electrical, lipid- or protein-based, or viral. And within each cat- 
egory, a variety of protocols exists. These range from using different in- 
struments to changing reagents or sample handling. Consequently, 
it’s not always easy to get started working in this field. “It’s good to 
know somebody in the business before you start trying these things,” 
Zimmer says. This can help a researcher come up with a better ap- 
proach to a gene transfer problem than simply going at it through trial 
and error. 
As researchers try to apply gene transfer to a growing range of cells 
and situations, vendors keep improving on the tools for transfection. As 
a result, today’s transfection tools are easier to use and more efficient. 


each approach to gene 


transfer. 99 


Chemical and Electrical Transfection 
Among the various ways that a researcher can introduce genes into cells, 
chemical methods are some of the oldest. For example, a scientist can coat 
DNA with calcium carbonate, which forms a crystal on a cell’s membrane. The cell 
takes up the crystal and releases the DNA in the cytoplasm. If the cell is dividing, the 
transfected DNA can end up in the nucleus. 

In fact, many chemical approaches exist. For example, Agilent Technologies’ 
Stratagene Products Division in La Jolla, California, uses a polyamine reagent in its 
GeneJammer Transfection product. “The transfection efficiency varies depending on 
the cell type,” explains Scott O’Brien, product line manager for Stratagene. “For HeLa 
cells, the efficiency is 95-99 percent.” The portion of cells killed in the process also 
varies among cell types. Again using HeLa cells as an example, O’Brien says, “the cell 
death is primarily a function of background—1-—5 percent.” 

In addition, Roche, with its headquarters in Basel, Switzerland, offers the FuUGENE 
HD Transfection Reagent. “It delivers plasmid DNA or shRNA with high transfection ef- 
ficiency in a broad variety of cell lines, including many cell lines and primary cells that 
other reagents can’t transfect,” says Mike Leous, manager of marketing, discovery 
reagents, at Roche Applied Science. He adds, “FuGENE HD Transfection Reagent ex- 
hibits very low cytotoxicity, so more cells survive than with many other reagents. Just 
as important, but much less known: It generates fewer ‘off-target effects.’” That is, ; By ee . a 
the FUGENE HD Reagent itself does not cause the nonspecific up- or down-regulation pe eit Oe eerie Th Ae git ees Wok eee 

endorsement by either AAAS or Science, nor is it meant to 
of genes. “This allows researchers to truly measure the impact of their transfected imply that their products or services are superior to those 
sequence—not the impact of their transfection reagent,” Leous says. continued > of other companies. 
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Some of today’s chemical techniques also use advanced materi- 
als. For instance, Qiagen in Hilden, Germany, offers a nanopolymer- 
based product called the NanoFect Transfection Reagent. Qiagen 
chemically synthesizes these nanopolymers, which include no lipids 
or animal-derived components. The nanopolymers and DNA form 
complexes that can enter a range of cells, including HeLa, MCF-7, 
and others. 

Instead of introducing genes into cells with chemical methods, 
researchers canalsouseanelectricalapproach called electroporation. 
In this technique, a researcher places cells in a solution of DNA and 
runs current across the cell membrane. “The current blows holes in 
the cells that let in the DNA,” says Zimmer. “This is quite efficient in 
some cells but it can be hard to control.” 

Electroporation can be a good choice when trying to transfect pri- 
mary cells. Such cells come from cultures that are started directly 
from pieces of tissue or organ, and these cells usually die after a 
limited number of cell divisions. “We continue to see growing use 
of primary cells,” says Steve Kulisch, division marketing man- 
ager in the gene expression division at Bio-Rad Laboratories in 
Hercules, California, making them an important target. 

With Bio-Rad’s Gene Pulser MXcell, researchers can take various 
approaches to electroporation. This instrument is compatible 
with sample chambers that accommodate both electroporation 
cuvettes and plates. Cuvettes are available in multiple “gap” sizes 
and allow for single transfections in a variety of volumes. For 
plates, researchers can select 12-, 24-, or 96-well versions and 
transfect in as little as 100 microliters. Kulisch adds, “This is an 
open system, and you can tune the conditions of electroporation 


to achieve higher transfection efficiency or increased cell viability.” 
Electroporation does not always take place incuvettes. For 
example, Life Technologies (formally known as Invitrogen) in 
Carlsbad, California, developed its Neon Transfection Device that 
uses a modified pipette tip that also functions as the transfection 
chamber. “Unlike a cuvette, the pipette tip—-based reaction vessel 
was designed to improve cell viability and the experimental 
workflow by reducing cell-handling steps,” says Keith Farnsworth, 
product development manager for Invitrogen’s molecular biology 
reagents. The Neon Transfection Device with its integrated buffer 
kit works with cell lines, primary cells, and stem cells. Depending on 
the cells being transfected with this technique, efficiency and cell 
survival can both be very high and range in different cell types from 
53 percent to 94 percent and 59 percent to 97 percent, respectively. 


Turning to Lipids and Protein 

In the lipophyllic approach to transfection, genes are encapsulated 
in lipid micelles that fuse with cells, where the DNA is released. 
“With this technique a transfection efficiency of 30 percent is con- 
sidered good,” says Zimmer. “If you are looking for, say, a report- 
er with no background, that is okay, but often you need a higher 
transfection efficiency.” 

One of the most enduring lipid-based approaches is Life 
Technologies’ Lipofectamine line. For example, Lipofectamine 
LTX works “great for immortalized cell lines and some primary 
cells,” says Farnsworth. “Our customers tell us that it strikes 
the right balance—being potent enough to deliver a plasmid to 
many cell types but gentle enough to not disrupt cell viability.” In 
addition, Lipofectamine RNAiMAX delivers short interfering RNA 
(siRNA). “Our customers are finding that they can achieve high 
gene knockdown results with minimal amounts of siRNA,” says 
Farnsworth. “This improvement in transfection efficiency helps to 
reduce off-target effects.” 

Lipid-based transfection can also be used within vivo applica- 
tions. Life Technologies’ Invivofectamine, for instance, was devel- 
oped for in vivo delivery of siRNA. “This is more challenging than in 
vitro transfection,” says Farnsworth. “The siRNA needs to trans- 
fect the targeted organs of a subject animal and provide extra sta- 
bility to the siRNA so that the delivered material arrives intact and 
ready to perform gene knockdown.” To help with that, this technol- 
ogy uses Life Technologies’ Stealth siRNA, which Farnsworth says 
“has been modified to reduce off-target effects and to evade the host 
immune response.” 

Lipofectamine can also be used in conjunction with a range of 
tools, such as the AmpliCell from Advalytix, which is headquartered 
in Munich, Germany. “In order to do transfection, cell growth, and 
PCR [polymerase chain reaction] all in one place, we attached an 
eight-chamber device on top of the AmpliGrid,” says Frank Feist, ex- 
ecutive director at Advalytix. The AmpliGrid is a slide-based product 
for PCR. “You add the cells you want to transfect to the chamber, 
let them grow in a monolayer, and transfect them with just 100 mi- 
croliters of volume.” Moreover, eight different transfection reagents 
can be tried with the same slide-and-chamber combination. Later, a 
researcher can use the same slide to do PCR on the transfected cells, 
all without reformatting. “It cuts out handing steps, which minimizes 
cellular stress and leads to more representative gene expression, 
saves reagent, and it’s multiplexed,” Feist says. The AmpliGrid with 
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added chamber is called the AmpliCell, and is expected to launch 
later in 2009. 

In addition to making the slides, chambers, and reagents, Advalytix 
provides protocols. “Many of our customers are oncologists, immu- 
nologists, and stem cell researchers,” Feist says. “So we have many 
protocols related to clinical oncology, immunology, and stem cells.” 

Genes can also be introduced into cells with protein-based 
transfection. For example, some cell types—such as primary cells, 
neurons, and nondividing cells in general—can be difficult to 
transfect with traditional techniques. To overcome this challenge, 
Sigma-Aldrich developed its N-TER Nanoparticle siRNA Transfection 
System, which uses a peptide-based approach to delivering siRNA. 
For in vivo applications, says Heather Holemon, research and 
development manager in functional genomics at Sigma-Aldrich in 
St. Louis, Missouri, “a major limitation of RNA interference is getting 
reagents into the cells and with the right biodistribution.” Moreover, 
such a system must work in a range of situations. “You want to use 
the same approach to test a knockdown in vitro and then move to 
in vivo,” says Supriya Shivakumar, global commercial marketing 
manager for functional genomics at Sigma-Aldrich. This is possible 
with N-TER. 


Viral Transfection 

Virally mediated techniques provide an alternative means for 
transfection. For example, this can be done with adenoviruses or 
lentiviruses. “The good news is that virus-mediated gene transfer is 
highly efficient —virtually 100 percent,” says Zimmer. “The bad news 
is that the virus can induce cellular responses.” 

When using short hairpin RNA (shRNA), Sigma-Aldrich scientists 
focus on a lentiviral approach. The company is part of the RNAi 
Consortium, led by the Broad Institute at the Massachusetts Insti- 
tute of Technology, which is developing a library of shRNA against 
the whole-human and whole-mouse genomes, as well as lentiviral 
vectors for a variety of applications. “This virus offers extra ad- 
vantages, because it is effective even in primary and nondividing 
cells, and you can manipulate it with things like antibiotic resis- 
tance or green fluorescent protein markers. Then, you can track it,” 
says Shivakumar. 

One of Stratagene’s viral-based transfection systems, AdEasy, uses 
adenovirus. DNA is cloned into the viral particle which then infects 
the cell and undergoes replication. With this technique, researchers 
must employ high biosafety levels, because the virus remains active. 
In contrast, Stratagene’s transfection reagents based on adeno- 
associated virus (AAV) do not allow viral replication. “This technique 
is very safe and can be used in a standard lab environment,” 
O’Brien explains. 


Therapeutic Challenges 
The idea of transferring genes often leads to thinking about repairing 
genetic diseases. “If you look over the past 15 years or so, though, 
gene therapy has gone through a bit of a rough time,” says Andrew 
Baker, professor of molecular medicine at the University of Glasgow 
in the United Kingdom. “There was an initial boom in the 1990s, but 
problems turned up regarding the safety of vectors.” Today, some 
improved techniques might solve the safety issues that held back 
earlier approaches to gene therapies. 

Baker focuses on adenovirus-based gene transfer. “The adenovirus 
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family is very large, and there are some serotypes of adenovirus that 
are very rare,” Baker says. “The more rare a serotype is, the more 
likely a patient will not have preexisting antibodies to it. That could 
make such a virus more useful in the clinical setting.” Those rare 
adenoviruses, however, are sometimes the ones that researchers 
understand the least. “So we will need some basic studies to 
understand the biology of the virus as well as detailed safety 
studies,” Baker says. 

In addition, transfection used as therapy should not cause a 
patient’s immune system to react. “The problem, though, with many 
vectors is that they do create an immune response —inflammatory 
issues or aberrant proliferation,” says Stuart Naylor, chief scientific 
officer at Oxford BioMedica in the United Kingdom. Naylor and 
his colleagues focus on viral vectors. “We think they provide a 
gain in efficiency and work well for differentiated cell types,” he 
says. But among viral vectors, clinical researchers must still pick 
from adenoviruses, adeno-associated viruses, and lentiviruses. 
“Adenoviruses are very immunogenic and perturb target cells in 
the dish or in man,” says Naylor. “Adeno-associated viruses are 
less predictable in expression.” He continues: “We use lentiviruses 
because of their larger cargo capacity and predictable kinetics 
of expression.” 

Some of Oxford BioMedica’s gene therapies are already being 
tested. For example, ProSavin—a dopamine-replacement therapy 
intended for patients with Parkinson’s disease —is in a clinical trial 
in France. This gene therapy gets injected directly into the striatum 
of the brain, where it converts cells into dopamine factories. It uses 
LentiVector, which is a lentiviral-based approach to gene-delivery 
technology that, Naylor says, was designed to overcome the 
problems associated with earlier generations of vector technology 
and can stably deliver genes. “So far, the clinical trials show that 
this approach is safe, and there are some signs in the subjects of 
dopaminergic activity,” Naylor says. 

The current range of research and medical science impacted by 
gene transfer is just the beginning. As more tools become available, 
even more basic researchers will find ways to put gene transfer to 
work. In addition, as medical scientists learn more about transfection 
vectors, additional clinical applications will emerge. 


Mike May is a publishing consultant for science technology. 
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Transfer Plasmids 

A new range of transfer plasmids features unique signal sequences 
and promoters that increase cloning efficiency and expression of 
foreign genes. The pOET transfer plasmids have been designed to be 
smaller for improved cloning efficiency and ease of use. Both pOET- 
1 plasmids contain a large multiple cloning site (MCS), allowing 
foreign genes to be inserted in the correct orientation. Autographica 
californica multiple nuclear polyhedrosis virus (ACMNPV) sequences 
flanking the gene in the transfer plasmid’s MCS allow recombination 
with FlashBAC DNA to insert the expression cassette into the 
polyhedron locus. In addition, pOET-1NTM has been designed for 
high-level expression of foreign genes fused to an N-terminal 6xHis 
tag, easing the purification of the recombinant protein. The pOET- 
1 is compatible with any baculovirus system that uses homologous 
recombination in insect cells. 

Oxford Expression Technologies 

For information +44-(0)-1865-483236 

www.oetltd.com 


DNA Isolation Kit 

The BiOstic Bacteremia DNA Isolation Kit is optimized for the 
extraction of total DNA from cultured blood for the detection of 
bacteria. In the protocol, blood samples are inoculated into the 
BioMerieux BacT/Alert SA Culture Bottle for growth of potential 
pathogens. The kit removes the antibiotics in the sample and all 
inhibitors from the medium through patented inhibitor removal 
technology. The purity of the isolated DNA allows it to be used in 
sensitive detection assays, including Agilent BioAnalyzer assays for 
multiplex polymerase chain reaction (PCR) products and real-time 
PCR. 

Mo Bio Laboratories 

For information 800-606-6246 

www.mobio.com 


Sample Storage 

The automated -20°C Sample Access Manager (SAM) is an affordable 
cold storage system for compounds and biological samples. The 
-20°C SAM ensures sample integrity by maintaining a precise storage 
environment at user-determined levels from +20°C to -40°C. Based 


Transfection Device 

The Neon Transfection device is a cost-effective benchtop tool for high- 
efficiency transfection of DNA and small interfering RNA into more than 
150 different cell types, including very difficult to transfect cells such as 
primary cells, stem cells, and Jurkat cells. The device features a unique 
pipette tip transfection chamber designed to minimize cell death, open- 
program software for easy adjustment of transfection parameters, and 
an optimized reagent kit that works with all cell types. 


Invitrogen, a division of Life Technologies 
For information 650-638-6113 


on the technology behind Hamilton’s -80°C storage system, the 
lower throughput, automated system offers sample format flexibility, 
cherry picking, sample tracking, and easy-to-use software, all within 
a compact footprint. The sample tracking software provides an audit 
trail and complete chain-of-custody documentation. The system’s 
internal robotics are driven by patented external magnetic couplers 
to ensure consistent storage temperature and prevent sample 
degradation. The system can handle microplates or a variety of 
tube sizes and is suitable for the storage of nucleic acids, tissues, 
proteins, and compounds. 

Hamilton Storage Technologies 

For information 508-544-7000 

www.hamilton-storage.com 


Streptavidin Magnetic Beads 

The Pierce Streptavidin Magnetic Beads are designed to streamline 
the isolation and purification of biotinylated biomolecules without 
columns or centrifugation. These superparamagnetic particles 
offer higher binding capacity and lower nonspecific binding than 
other commercially available magnetic beads, according to the 
manufacturer. They are validated and optimized for use with high 
throughput magnetic instrumentation, such as the Thermo Scientific 
KingFisher 96 and KingFisher Flex instruments. The particles also 
perform well in manual purification procedures. They can be stored 
refrigerated for one year. 

Thermo Fisher Scientific 

For information 815-968-0747 

www.thermo.com/pierce 


RNA Extraction 

The QuickExtract RNA Extraction kit extracts RNA from cultured cells 
for reverse transcription polymerase chain reaction. The single-tube 
system requires only vortex mixing to lyse the cells and prepare 
the RNA for complementary DNA synthesis. The kit is free of toxic, 
organic solvents and is suitable for high throughput workflows. It 
has been tested on both mammalian and bacterial cell cultures. 
Epicentre Biotechnologies 

For information 800-284-8474 

www.EpiBio.com 
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ASSISTANT PROFESSOR 


An accomplished scientist using biochemical, 
cellular, immunological, and/or molecular biol- 
ogy approaches to investigate human and animal 
infectious diseases and/or host response to infec- 
tious agents is sought for a tenure-track position 
(90 percent research, 10 percent instruction) in 
the Department of Veterinary Molecular Biology 
at Montana State University. We are seeking an 
individual to complement or expand existing ex- 
pertise in the study of viral, protozoan, fungal, 
prion, and bacterial pathogens as well as host 
responses against these pathogens. This position 
is funded by a competitive institutional salary 
(nine months), technician support, and a gener- 
ous startup package. The Department is housed 
in a state-of-the-art facility with core laboratories 
for flow cytometry, cell biology, and molecular 
sciences as well as pathogen containment facili- 
ties for small (BSL-3) and large animal research 
(ABSL-2). A doctoral degree in a biomolecular 
discipline and postdoctoral experience are re- 
quired. The potential to establish or evidence of 
a competitive, independent research program is 
required. A completed application will include a 
letter of application, curriculum vitae, selected 
reprints, a summary statement concerning re- 
search plans and grant proposals, and three letters 
of reference to be sent to: Chair, Search Com- 
mittee, Veterinary Molecular Biology, Montana 
State University, Bozeman, MT 59717-3610. 
Screening will begin August 3, 2009, and will 
continue until a suitable applicant is hired. For a 
full job description and additional information 
about our Department, visit website: http:// 
vmb.montana.edu. To learn more about the posi- 
tion go to website: http://www.montana.edu/ 
cgi-bin/msuinfo/fpview/f£/9866-2. ADA/Equal 
Opportunity /Affirmative Action/Veterans Preference. 


POSTDOCTORAL SCHOLAR. A Postdoctoral 
Scholar position in cardiovascular physiology research 
is available immediately in the Department of Physi- 
ology at Brody School of Medicine, East Carolina Uni- 
versity in Greenville, North Carolina, in the laboratory 
of Dr. David A. Tulis, F.A.H.A., Associate Professor. 
The overall research focus in our laboratory is vascular 
smooth muscle physiology and pathology. Specifically 
we are investigating molecular, cellular, and functional 
mechanisms that underlie abnormal growth of vascular 
smooth muscle as integral to cardiovascular disease and 
injury. Cyclic nucleotide signaling is of particular in- 
terest in these studies, as these events regulate a wide 
range of biological actions. Specific areas of study in- 
clude elucidation of cyclic guanosine monophosphate— 
versus cyclic adenosine monophosphate—dependent pro- 
cesses, characterization of cyclic nucleotide-regulating 
systems, identification of downstream kinase events, 
analyses of matrix metalloproteinase and gap junction 


biology, and elucidation of the functional impact of 


these signals on vascular physiology. Experimental ap- 
proaches include functional, molecular, cellular, and 
genetic assays and consist of whole animal models, in 
vitro cell culture, and ex vivo tissue explants. Salary and 
benefits will be commensurate with experience and in 
accordance with NIH guidelines. Women and minor- 
ities are encouraged to apply. Review of applications 
will begin immediately and will continue until the posi- 
tion is filled. Please visit website: http://www.ecu. 
edu/cs-dhs/physiology/tulisd.cfm for more infor- 
mation. Please send an updated curriculum vitae, a 
statement of research interests, and contact informa- 
tion for three references to e-mail: tulisd@ecu.edu, 
and include Postdoctoral Scholar in the Subject line. 


POSTDOCTORAL POSITIONS available to 
study cytokinesis in a well-established model system, 
the trypanosomes. Research experience in molecular 
biology and cell biology is essential. Must have a recent 
Ph.D. degree. Send curriculum vitae and names and 
addresses of three references to: Prof. C. C. Wang, 
Department of Pharmaceutical Chemistry, Univer- 
sity of California, San Francisco, CA 94158-2280. 
Fax: 415-476-3382; e-mail: ccwang@cgl.ucsf.edu. 
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& MUSC 


MEDAL UMUUERSITY 
cael nin 


OF SOUTH RAROLINA 
ENDOWED CHAIR IN CANCER BIOLOGY 

The University of South Carolina (USC) in Columbia, 
South Carolina, in collaboration with the Medical 
University of South Carolina (MUSC) in Charleston, 
seeks applications and nominations for an Endowed 
Chair in Cancer Biology. The specific area of special- 
ization is open, but preference will be given to indi- 
viduals with interests in the action of anticancer agents. 
This position is sponsored by the South Carolina Centers 
of Economic Excellence Program (website: http:// 
www.sccoee.org/) and resides within the South Caro- 
lina College of Pharmacy (website: http://www.sccp. 
sc.edu/). The successful candidate will be an estab- 
lished biomedical scientist who maintains a strong na- 
tional and international research reputation, has a 
productive record of publications and extramural fund- 
ing, and is qualified for a tenured appointment at the 
level of FULL PROFESSOR. The individual, as well 
as his/her laboratory, will be located on the Columbia 
campus of USC. Participation in professional and grad- 
uate education and maintenance of a nationally recog- 
nized, extramurally funded research program will be 
expected. 

USC has undergone expansion of its biomedical 
research capabilities and has developed significant 
strength in basic investigations relating to cancer. 
This has been spearheaded by the university’s Center 
for Colon Cancer Research (website: http://www. 
ccer.sc.edu/), which conducts interdisciplinary studies 
of the basic biology, epidemiology, detection, preven- 
tion, and therapy of colorectal cancer. MUSC is likewise 
experiencing rapid growth in its research environment, 
recently highlighted by the Hollings Cancer Center’s 
being awarded National Cancer Institute designation 
(website: http://hcc.musc.edu/). State-of-the-art 
core research facilities exist at both institutions, fostering 
an atmosphere of collegiality and collaboration. 

Interested candidates should submit curriculum vitae, 
statements of research interests and accomplishments, 
and the names of three references to: Dr. Franklin G. 
Berger, Director, Center for Colon Cancer Research, 
Room 337 Sumwalt Building, University of South 
Carolina, Columbia, SC 29208. E-mail: berger@ 
sc.edu. Or submit to: Dr. Kenneth Tew, Depart- 
ment of Cell and Molecular Pharmacology, Medical 
University of South Carolina, 173 Ashley Avenue, 
Charleston, SC 29425. E-mail: tewk@musc.edu. 
Nominations are also welcome, and can be sent to one 
or both of these individuals. Review of applications will 
begin on August 1, 2009, and will continue until the 
position is filled. 

The University of South Carolina and the Medical University 
of South Carolina are Affirmative Action/Equal Opportunity 
Employers. 


Full-time RESEARCH SCIENTIST position 
available at Wright State University in the Depart- 
ment of Neuroscience, Cell Biology and Physiology. 
For consideration applicants are required to have a 
Ph.D. degree in biomedical sciences or a related field, 
experience with confocal microscopy and imaging 
analysis, and a track record using this instrumenta- 
tion in the form of publications or communications 
to meetings. Preference will be given to candidates 
with additional experience with two-photon and/or 
electron microscopy and in managing a multiuser fa- 
cility. Duties include maintaining an Olympus FV1000 
two-photon microscope; training and supervising stu- 
dents and faculty; helping with administration and main- 
tenance of all microscopes in the facility; involvement in 
searching for external funding. Applications are being 
reviewed starting June 15, 2009. Please send a cover 
letter, curriculum vitae, and names of three references 
electronically to e-mail: jobs.wright.edu/applicants. 
Position open until filled. WSU is an Affirmative Action/ 
Equal Opportunity Employer. 
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Umea University - with its 29,000 students and over 4,000 employees — is an organisation in constant change and development. The university's 
researchers carry out excellence within several areas of research, and many of them are among the world’s elite. We are one of Sweden’s largest 
providers of education and offer a broad and attractive range of courses and programmes. Our campus constitutes an inspiring environment for 
everyone that studies and works here. We wish to co-operate with companies and organisations throughout the Umea region and all over the world. 


Assistant professor in the field of printable solar cells 


The Department of Physics is now accepting 


applications for a position as assistant 
professor in the field of printable solar cells. 
This new research program has received 
funding for the salary costs of the successful 
applicant and two PhD students for five 
years. The opportunities for additional 
start-up funding in the range €500,000 — 
1000,000 are considered good. 

The successful applicant is expected to 
have documented experience in at least 
one of the two following research areas: 

(i) printing of electronic devices, (ii) fabri- 


cation and characterization of potentially 
printable energy conversion devices, such 
as organic solar cells. 

The application can be submitted 
either electronically or in paper form and 
should contain the following items: (i) 

A curriculum vitae, (ii) Copies of degree 
certificates, (iii) A statement of previous 
research achievements and teaching 
merits, (iv) A publication list, (v) Re- 
prints/copies of selected publications, 
numbered according to the publication 
list, (vi) A research plan (maximum 4 


For further information: www.phys.umu.se/opeg/ad.pdf 


pages), (vii) A list of persons (with contact 
details) willing to provide oral or written 
recommendations. 

For more information contact Associate 
Professor Ludvig Edman via e-mail: 
ludvig.edman@physics.umu.se 

Your complete application, marked with 
reference number 311-368-09, should be 
sent to jobb@umu:se or to the Registrar, 
Umea University, SE-901 87 Umea, 
Sweden to arrive July 31, 2009 at the 
latest. We look forward to receiving your 
application! 


tot NATIONAL INSTITUTES OF HEALTH 


Department of Health and Human Services 

: National Institutes of Health 

GDNational Eye institute 
Deputy Director 


The National Eye Institute (NEI), a major component of the National Institutes of Health (NIH) and the Department of Health and Human Services (DHHS), is seeking exceptional candidates 
for the challenging position of Deputy Director, NEI. The NEI is responsible for a national and international program to conduct and support research, training, health information dissemination, 
and other programs with respect to blinding eye diseases, visual disorders, mechanisms of visual function, preservation of sight, and the special health problems and requirements of individuals 
who are visually impaired. These activities are conducted in hundreds of extramural laboratories and clinics throughout the United States and in NEI's own facilities in Bethesda, Maryland. 


The Deputy Director, NEI, serves as second in command and principal advisor to the Director, NEI, in evaluating, planning, directing, and coordinating all activities related to the mission 
and function of the Institute, in the development and execution of policies, and in the allocation of resources to carry out these policies. On behalf of the Director, NEI, the Deputy Director 
represents the NEI in all matters and in this sense is the champion and guarantor for the intellectual and administrative envir onment at the Institute. The Deputy Director also serves as an 


ambassador and spokesperson for the Institute. 


Applicants must possess a Ph.D., M.D., or equivalent doctorate degree in the biomedical sciences, with broad senior-level research experience and experience in direct administration of 
a research program. Applicants should be known and respected within their profession, both nationally and internationally, as distinguished individuals of outstanding scientific competence 
and administrative capability. Candidates should have demonstrated leadership; serving as a spokesperson; planning, program assessment, and analysis of program objectives; resolution 
of operational problems and issues; and the ability to manage financial and human resources including building, motivating, and maintaining a culturally diverse staff. Experience with NIH 
administrative policies, procedures, and operations is highly desirable but not essential. Salary is commensurate with experience and qualifications. Full Federal benefits are available including 


leave, health and life insurance, long-term care insurance, retirement, and retirement savings plan (401k equivalent). 


Interested candidates should send.a letter of interest, including a brief description of research and administrative experience, a curriculum vitae and bibliography, and the names of at least 
three references to: Chair, NEI Deputy Director Search Committee at NEISearch@nei-.nih.gov or 31 Center Drive, Room 6A03, 31 Center Drive, MSC 2510, Bethesda, MD 20892. 
Applications should be received by July 15, 2009, and review of applications will begin soon thereafter, but applications will continue to be accepted and considered until the position is filled. 
For questions, contact Dr. Paul A Sieving, Director, NEI, at paul.sieving@nih.gov. Applicants are encouraged to browse the NEI Home Page at http://www.nei.nih.govi. 


NIM 


National Institute 
of Mental Health 


Director, Division of Adult Translational Research 
and Treatment Development 


The National Institute of Mental Health, a major research component of the National 
Institutes of Health (NIH) and the Department of Health and Human Services (DHHS), is 
seeking exceptional candidates for the position of Director, Division of Adult Translational 
Research and Treatment Development (DATR). This position provides overall scientific, 
programmatic, and administrative leadership for an extramural grants and contracts 
portfolio of approximately $250 million and manages a staff of 16 individuals (http://www. 
nimh.nih.gov/about/organization/datr/index.shtml). The DATR Director is responsible for 
developing a vision for research and training aimed at understanding the pathophysiology 
of mental illness and hastening the translation of behavioral science and neuroscience 
advances into innovations in clinical care and prevention strategies. 


Applicants must possess an M.D. with a specialty in psychiatry and/or a Ph.D. in 
neuroscience, psychology, or related discipline with broad senior-level research experience 
and experience in direct administration of a research program. Applicants should be known 
and respected within their profession, both nationally and internationally, as distinguished 
individuals of outstanding scientific competence. Salary is commensurate with experience 
and accomplishments. 


Interested candidates should send a letter of interest, including a brief description of 
research experience, contact information for at least three references, and a curriculum 
vitae and bibliography to: Dr. Philip Wang, Chair, Search Committee for Director, 
DATR, at NIMHsearch@mail.nih.gov or at 6001 Executive Blvd. Room 8235, MSC 
9669, Bethesda, MD 20892 (Rockville, MD 20852 for express or courier service). Review 
of applications will begin on June 22, 2009, but applications will continue to be accepted 
and considered until the position is filled. 


y EF National institute of 


Chief, Toxicology Branch/Senior Scientist 
Research Triangle Park, North Carolina 


= NIEHS 


Environmental Health Sciences 

National Institutes of Health 
The National Institute of Environmental Health Sciences (NIEHS) of the National Institutes of Health (NIH) 
is seeking a dynamic, highly motivated scientist to serve as. a Senior Scientist to oversee the operations 
of the Toxicology Branch (TB) of the National Toxicology Program (NTP). The Chief, TB, supervises senior 
scientists, staff scientists, and support staff who design, interpret, review, and report toxicology and carci- 
nogenicity studies for substances studied by the NTP. As a senior official representing NTP, the Chief, TB, 
is the primary expert and interface on toxicology with many agencies and offices and provides guidance 
on relevant research, policy, and practices. He/she identifies, assesses, and integrates advancements in 
olecular and cellular techniques with traditional rodent toxicology testing methods. 


To accomplish this, he/she builds strong relationships with intramural and extramural investigators to 
design and carry out studies that further our understanding of toxicological mechanisms. The Chief, TB, 
works with computational and bioinformatics scientists at NTP, NIEHS, and other institutes and agencies 
0 organize data collection and analysis, works with NTP chemists to evaluate compounds, and works 
with other NTP staff to oversee the development of technical reports on study findings. He/she also 
evaluates and develops new methodologies and technologies for toxicology assessments, writes 
echnical reports and prepares manuscripts in collaboration with investigators within and outside NTP. 
The training of NTP postdoctoral fellows to prepare outstanding future leaders in toxicological research 
is also a critical part of this position. Finally, the Chief, TB, develops collaborations and relationships with 
other agencies and institutes, including EPA, FDA, advocacy groups and industry coalitions. 


Minimum qualifications include a Ph.D. or equivalent degree with research interests in a core toxicology 
discipline, and supervisory experience in managing other scientists in a toxicology laboratory or testing 
program. Experience in carrying out toxicology research and testing according to regulatory guidelines 
is desired. Salary will be commensurate with qualifications. To apply, submit a cover letter indicating 
interests, curriculum vitae and 3 letters of recommendation by June 26, 2009 to: 

Ms, Barbara Curtis (DIR09-01) 

National Institutes of Health * National Institute of Environmental Health Sciences 

P.0. Box 12233, Maildrop A2-06 * 111 Alexander Drive, Room A202 

Research Triangle Park, NC 27709 vs, 
e-mail: dir-appls@niehs.nih.gov i Sé 
http:/dirniehs.nih.gov ei 

DHHS and NIH are Equal Opportunity Employers 8 CPR Mal welatew area 
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THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


AL INSTITUTES OF HEAL 


Principal Deputy Director, Division of AIDS, 
NIAID, NIH, DHHS 


The National Institute of Allergy and Infectious Diseases (NIAID) 
is seeking an exceptional and visionary leader for the position 

of principal deputy director in the Division of AIDS (DAIDS). 

The mission of DAIDS is to increase basic knowledge of the 
pathogenesis, natural history, and transmission of HIV disease 
and to support research that promotes progress in its detection, 
treatment, and prevention. DAIDS plans, implements, manages, 
and evaluates programs in fundamental basic research, discovery 
and development of therapies for HIV infection and its co-infections 
and complications, discovery and development of preventive 
vaccines, and development and evaluation of other biomedical 
strategies to prevent HIV and AIDS. DAIDS funds efforts through a 
comprehensive portfolio of research grants, cooperative agreements, 
and contracts, with a total annual budget of more than $1 billion. 


The deputy shares responsibility with the director for providing 
overall scientific leadership and administrative management in 
planning, conducting, coordinating, and evaluating a global 
extramural research program focused on HIV/AIDS. The deputy 
serves as senior scientific advisor and key executive to the director 
and plays a lead role in coordinating DAIDS's research programs 
with internal and external stakeholders. 


Qualifications: Applicants must possess an M.D. or Ph.D., have a 
strong science management background, and demonstrate extensive 
experience in 1) working both independently and collaboratively in 
planning, organizing, and conducting infectious disease research; 

2) serving effectively in research program administration; and 

3) effective communications and collaborations. 


Application Information: Provide curriculum vitae, bibliography, 
and a three page summary explaining 1) your vision for HIV/AIDS 


research, 2) your reasons for being interested in the position, and 
3) the specific leadership skills and experience you would bring to Salary and Benefits: The successful candidate will be appointed under the 


the HIV/AIDS research programs at NIAID. Title 42(f) authority at a salary commensurate with experience. A full package of 
benefits is also available, including retirement; health, life, and long-term care 
insurance; annual and sick leave; and a thrift savings plan (401(k) equivalent). 
This position is subject to public financial disclosure requirements. 


National Institute of Allergy and Infectious Diseases 


Submit application package to Mr. Robert Gulakowski, Office of 
the Director, DAIDS, NIAID, 6700-B Rockledge Drive, Room 4143, 
Bethesda, Maryland 20892-7620 and reference announcement 


number DAIDS-09-02. All information provided by applicants will The deadline for receipt of applications is August 14, 2009. 
remain confidential and will be reviewed only by authorized Direct any inquiries to Mr. Gulakowski via e-mail at rguiakow@niaid.nih.gov 
NIAID officials. or call 301-496-0545. 


Additional information about working at NIAID can be found at www.niaid.nih.gov/careers/pdd. 


U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES 
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THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


WWW.NIH.GOV 


Help Us Help Millions — 


Director, Therapeutics Research Program, 
Division of AIDS, NIAID, NIH, DHHS 


The National Institute of Allergy and Infectious Diseases (NIAID) is 
seeking an exceptional and visionary leader to be director of the 
Therapeutics Research Program in the Division of AIDS (DAIDS). The 
director plans, implements, and directs a global extramural research 
program, in excess of $120 million, for the preclinical development 
and clinical testing of therapies for HIV/AIDS and its associated co- 
infections and complications. This includes overseeing the largest 
collection of HIV/ AIDS therapeutic clinical trials networks in the 
world, which have an annual budget of more than $70 million and 
conduct all phases of clinical trials at research sites around the globe. 


The director serves as a key scientific advisor to the directors of 
DAIDS and NIAID and ensures that the therapeutics research 
supported by DAIDS is integrated with and complements other 
programs in NIH, federal agencies, and external organizations 
conducting HIV/AIDS therapeutics research. The director formulates 
an overall scientific agenda for the development and clinical testing 
of therapeutic interventions, recommends resource allocation across 
competing initiatives, and continually assesses and reorients program 
priorities and activities, both anticipating and responding to changing 
research needs or redefined policies. 


Qualifications: Applicants must possess an M.D. with board 
certification in internal medicine or infectious diseases and must 
demonstrate experience in 1) working both independently and 
collaboratively in planning, organizing, conducting, and/or overseeing 
clinical research in infectious diseases (experience in HIV/AIDS is a 
plus); 2) serving effectively in research program administration; and 
3) effective communications and collaborations. 


Application Information: Provide curriculum vitae, bibliography, 
and a three-page statement explaining 1) your vision for HIV/AIDS 
therapeutics research, 2) your reasons for being interested in the 
position, and 3) the specific leadership skills and experience you Salary and Benefits: The successful candidate will be appointed under the 
bring to the HIV/AIDS research programs at NIAID. Title 42(f) authority at a salary commensurate with experience. A full package of 


National Institute of Allergy and Infectious Diseases 


Submit your application package to Mr. Robert Gulakowski, Office benefits is available, including retirement; health, life, and long-term care 


of the Director, DAIDS, NIAID, 6700-B Rockledge Drive, Room 4143, insurance; annual and sick leave; and a thrift savings plan (401(k) equivalent). 
Bethesda, Maryland 20892-7620, and reference announcement This position is subject to confidential financial disclosure requirements. 
number DAIDS-09-01. All information provided by applicants will 

remain confidential and will be reviewed only by authorized NIAID Direct any inquiries to Mr. Gulakowski via e-mail at rgulakow@niaid.nih.gov 
officials. or call 301-496-0545. 


Additional information about working at NIAID can be found at www.niaid.nih.gov/careers/pdd. 
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Agricultural 
Research 
Service 
www.ars.usda.gov 


USDA 


“The premier food and agricultural research agency of USDA” 


ASSISTANT AREA DIRECTOR 
(Agricultural Administrator, GS-0401-15) 


Pacific West Area Salary Range of $131,873.00 to $153,200.00 
Midwest Area Salary Range of $111,760.00 to $145,290.00 


Applications must be received by July 21, 2009 


The USDA, Agricultural Research Service (ARS) is seeking highly qualified candidates for two 
permanent full-time leadership positions of Assistant Director for the Pacific West and Midwest 
Areas, located in Albany, California and Peoria, Illinois, respectively. The Assistant Director is a 
key member of a Senior Management Team that: 
¢ Implements problem-solving research that provides an abundant, nutritious and safe food supply, 
protects the environment, and generates sustainable bioproducts and biofuels. 
Leads a large, talented cadre of scientists in an eight-state region. 
Works collaboratively with scientists and administrators within ARS, the Land-Grant Universi- 
ties, State Agricultural Experiment Stations, other governmental agencies (Federal, state, local), 
Non-Governmental Organizations, private industry, and other stakeholder groups in the region, 
nation, and around the world. 
¢ Manages human, fiscal and physical resources. 


Candidates seeking a challenging leadership position that contributes to a secure and sustainable 
agricultural future are encouraged to apply. Applicants must have professional knowledge of research 
methods related to the biological sciences, environmental sciences, agricultural engineering, food 
technology or chemistry; knowledge of cooperative and user oriented programs directed toward 
agricultural research; and excellent leadership and communication skills. 


Join us in Advancing the Health and Wealth of the Nation and Its Peoples, 
Solving Problems, Expanding Knowledge, Delivering Answers 


To apply, print a copy of the vacancy announcement from the ARS Careers Website at http: 
//www.ars.usda.gov/Careers/Careers.htm (Pacific West Area - ARS-X9W-0188) or (Midwest 
Area - ARS-X9W-0194) and follow the application directions provided. For questions about these 
positions, call (510) 559-6015 (Pacific West Area) OR (309) 681-6633 (Midwest Area). 


USDA/ARS is an Equal Opportunity Employer and Provider. 


ca, 


CENTRAL DRUG RESEARCH INSTITUTE 


(Council of Scientific & Industrial Research) 
Chattar Manzil Palace, Lucknow-226001 


Cancellation of 
Advt. No.2/2007 and 7/2008 


It is notified for the information of all 
the candidates who have applied 
against the Advertisement No. 2/2007 
of this Institute which appeared in the 
Employment News dated 13.05.07 
that all the advertisement for the posts 
of Scientists Gr.(1) to Gr.IV(3) has 
been cancelled due to unavoidable 
reasons. 


Itis also notified that advertisement 
for the posts advertised vide 
Advertisement No.7/2008 which 
appeared in the Employment News 
dated 26.07.2008 have also been 
cancelled except that for technical 
Gr.III(1) post and the post of Scientists 
Gr.IV(1) reserved for PWD. 


The notice is also available on our 
website www.cdriindia.org 


Controller of Administration 


UAIVERSITY OF 


LOUISVILLE 


Assistant Professors, Tenure Track 
The Department of Biochemistry and Molecular Biology 


The Department of Biochemistry and Molecular Biology, University of Lou- 
isville, School of Medicine invites applications for two tenure-track positions 
at the Assistant Professor level. Our Department is under new leadership and 
we anticipate that several additional positions will be filled in the next 3 years. 
Thus, successful candidates will play vital roles in the future development of the 
Department. The Department of Biochemistry and Molecular Biology is part ofa 
vibrant research environment on UofL’s Health Sciences Campus, which houses 
the Schools of Medicine, Dentistry, Nursing, Public Health and Information 
Sciences. The Health Sciences Campus has experienced tremendous growth in 
funding over the past 10 years and has added 3 new research buildings. 


Individuals with expertise in all areas of Biochemistry and Genetics are invited 
to apply. Those using comparative approaches with model organisms or human 
studies to understand disease processes are encouraged to apply. Candidates 
must hold a PhD, MD, DDS or equivalent degree and have a strong potential 
to maintain a productive research program. As part of an academic unit, suc- 
cessful candidates will also be expected to teach in graduate and either Medical 
or Dental Biochemistry courses. As new faculty, individuals will benefit from 
a competitive start-up package, customized laboratory space, and numerous 
opportunities for collaborative interactions with investigators focusing on 
cancer, cardiovascular disease, diabetes, obesity, embryonic development, 
aging, environmental health, and stem cell biology. 


Applicants should send a single PDF file containing their research summary, 
curriculum vitae, and names with contact information of at least three individu- 
als who may be contacted for letters of reference to debbie.powell@louisville. 
edu or by mail to: Assistant Professor Search Committee, Department of 
Biochemistry and Molecular Biology, University of Louisville School of 
Medicine, Louisville, KY 40292. Applicants must also apply on-line for Job 
1D#24091 at www.louisville.edu. Application review will begin immediately 
and continue until the positions are filled. Applicants must be U.S. citizens, 
permanent residents, or have a valid HIB1 visa. 


tion record. 


SOUTHWESTERN 
THE ONIVERSITY OF TEAAS 
SOUTHWESTERN MEDICAL CENTER 


AT DALLAS 


Faculty Positions in Infectious Diseases 


The Division of Infectious Diseases in the Department of Internal Medi- 
cine at the University of Texas Southwestern (UTSW) Medical Center at 
Dallas is seeking new faculty members at the Assistant Professor level. 
Faculty will be expected to develop independent and externally funded 
research programs that focus on understanding the molecular patho- 
genesis of infectious diseases and/or host defense mechanisms. Prefer- 
ence will be given to applicants performing “cutting-edge” research on 
medically important pathogens, emerging pathogens, and/or agents of 
potential biothreat. Excellent opportunities exist for collaborations with 
faculty members in Infectious Diseases, the Department of Microbiology, 
and the Department of Immunology at UTSW and with the Regional 
Center of Excellence (RCE) for Biodefense and Emerging Infectious 
Diseases. UTSW is an outstanding scientific environment with estab- 
lished strengths in structural biology, biochemistry, molecular biology, 
genetics, and numerous other areas. Candidates will be expected to 
contribute to the teaching and research training of Infectious Diseases 
fellows. The positions offer attractive start-up packages and laboratory 
space. Candidates should have an M.D. and/or a Ph.D. degree with at 
least two years of postdoctoral experience and an outstanding publica- 


To apply, submit a C.V., three letters of reference, and a description 
of research interests to: Dr. Beth Levine, Chief, Division of Infec- 
tious Diseases, UT Southwestern Medical Center, 5323 Harry 
Hines Blvd, Dallas, TX 75390-9113; E-mail: Cindy.Jozefiak@ 
UTSouthwestern.edu. 


UT Southwestern is an Equal Opportunity/Affirmative Action 


The University of Louisville is an Affirmative Action/Equal Opportunity 
Employer. Women and minorities are strongly encouraged to apply. 


Employer. 


NORTHEASTERN OHIO UNIVERSITIES 


COLLEGES OF MEDICINE AND PHARMACY 


announces a new endowed professorship 


Ohio Research Scholar 
Molecular and Cell Biology of Bone or Cartilage 
Department of Anatomy and Neurobiology 


The Ohio Research Scholar position presents an extraordinary opportunity 
for an outstanding scientist to lead a team of faculty researchers in the study 
of molecular and cell biology of bone or cartilage. Research areas may 
include tissue engineering, medical applications of biopolymers, normal and 
abnormal skeletal development, orthopaedic diseases and cancer. There will 
also be substantial opportunities for the Ohio Research Scholar to translate 
research findings into clinical applications, intellectual property and economic 
development initiatives. The successful Scholar candidate will be an experienced 
and productive scientist and a capable faculty research team leader. She/he 
will have a record of sustained extramural funding and strong current funding 
and will interact with the members of a successful existing research 
collaboration focused on Skeletal Biology. 


This position is generously supported through the Ohio Research Scholar 
Program, a program created by the State of Ohio that benefits from strong 
regional collaborative partnerships, including close arrangements with major 
hospitals and participation in a revolutionary initiative, the Biolnnovation 
Institute in Akron. The Ohio Research Scholar Program requires that the 
Scholar be recruited from outside the State of Ohio. 


For a full position description, please visit http://www.neoucom.edu/job php ?job=148. 
Interested candidates should apply electronically using the link at the bottom of the 
position description page. Please include curriculum vitae, a statement of research 
interests and goals and the names of four references. For full consideration, 
application should be received by August 14, 2009. 


Inquiries about the position may be directed to Jeffrey J. Wenstrup, Ph.D., 
Professor and Chair, Department of Anatomy and Neurobiology, at 
jjw@neoucom.edu, or to Walter E. Horton Jr., Ph.D., Professor of Anatomy 
and Vice President for Research, at weh/@neoucom.edu. 


The Colleges’ dedication to excellence is complemented by its strong commitment 
to building and sustaining a culturally diverse academic community. Individuals 
from historically underrepresented groups are encouraged to apply. NEOUCOM is 
an equal opportunity employer and educator. 


Northeastern Ohio Universities 
COLLEGES OF MEDICINE & PHARMACY 
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Science Careers 


The NASA/Goddard Space Flight Center, 
* Earth Sciences Division, is seeking 

applications for positions to support current 
and planned Decadal Survey satellite 
missions. Experimental scientists with 
expertise in instrument definition, design, 
development, or characterization related 
to the following focus areas are of special 
interest: 

Radar remote sensing of cloud processes and precipitation. 

Polarimetric instrumentation and design for measurements of aerosols 

and clouds. 

Lidar instruments for aerosols, tropospheric wind, and carbon dioxide 

profiles. 

Passive microwave instruments for cloud ice water path, soil moisture, 

sea surface salinity, and snow water content. 

Spectrometry, from the ultraviolet through the thermal infrared, for 

atmospheric chemistry and temperature profiles. 

Hyper-spectral and multi-spectral thermal imaging for carbon cycle 

and ecosystem studies, and hydrologic studies of evapotranspiration. 

Laser-based altimetry for calibration and validation of satellite 

measurements of sea ice and glacier. 

Sensor calibration and validation of optical and other instruments, 

particularly in the area of thermal sensor calibration and characterization 

to support critical long-term systemic measurements. 


Applicant should have an advanced degree or equivalent experience. The 
position will be filled based on qualifications/experience. 


To apply, please submit a curriculum vitae and a statement of 
interest of approximately 1000 words to Ms. Emilie Rank, email: 
emilie.j.rank@nasa.gov. For more information about position 
requirements and application procedures, please contact Emilie Rank 
by e-mail or call (301) 614-5566. For scientific questions, please contact 
Dr. Franco Einaudi, Director of the Earth Sciences Division at (301) 
614-5634. 


The Goddard Space Flight Center has and encourages a diverse work 
force. Equal Opportunity Employer. 


i“) EMORY UNIV ERSTTY 
KY SCHOOL OF MEDICINE 
Chair, Department of Psychiatry and Behavioral Sciences 


The Emory University School of Medicine is seeking a Chair of the Depart- 
ment of Psychiatry and Behavioral Sciences. The successful applicant will 
also serve as Director of Psychiatric and Behavioral Health Services, Emory 
Healthcare and Chief of the Psychiatry Section, The Emory Clinic. The School 
of Medicine, the Woodruff Health Sciences Center and Emory Healthcare all 
share an unprecedented agreement in vision, values, and goals, including a 
strong commitment to take a highly successful Department of Psychiatry to 
the next level of excellence. 


Founded as an independent department in 1958, Psychiatry and Behavioral 
Sciences has emerged as one of the preeminent departments in the United 
States. It has expanded to over 150 faculty and is currently ranked #9 in NIH 
funding and #12 in clinical service delivery by US News and World Report. 
The Department is located throughout multiple sites in the Atlanta area, 
with many of its faculty world-renowned experts in the areas of affective 
disorders, anxiety disorders, neuroendocrinology, psychoneuroimmunology, 
neuroimaging and psychotherapy. 


The next chair of the Department of Psychiatry and Behavioral Sciences 
will be an exceptional, currently funded, academic physician leader, with 
the proven values and skills needed to lead a highly successful research 
program, a large clinical enterprise, and extensive educational and training 
programs. He/she will expand the department’s research efforts through 
strategic recruitments, as well as fostering development of existing faculty 
and promoting institutional collaborations through the Neuroscience Center. 
Applicants will have an MD or MD/PhD, be board certified in Psychiatry (or 
equivalent) and fellowship trained. 


Korn/Ferry International is assisting Emory University with this important 
search. Please forward, as soon as possible, nominations of appropriate candi- 
dates to: Glenn C. Davis, M.D. or Warren E. Ross, M.D., c/o Betsy Messina 
(betsy.messina@kornferry.com), Korn/Ferry International, 

1835 Market Street, Suite 2000, Philadelphia, PA 19103. 


Emory University is an Affirmative Action/Equal Opportunity Employer. 
AA/EOE/ADA. 


Memorial University Medical Center, Curtis & 

: Elizabeth Anderson Cancer Institute is recruiting an 

‘ceeh “Arken outstanding scientist for the translational oncology 
research program. 


= feees Geesertetesf=er This opportunity provides substantial support for an 
exceptional researcher (Ph.D., M.D., M.D./Ph.D. or equivalent) at the level of 
Assistant, Associate or Full Member (equivalent to assistant, Associate and full 
Professorships) who will conduct innovative, laboratory-based research and 
provide strong intellectual leadership in understanding, preventing, diagnosing 
or treating cancers. Our primary goal is to recruit an excellent scientist, and our 
secondary goal is to broaden the research base of the Department of Labora- 
tory Oncology by recruiting an expert in an area not already well represented. 
Therefore, a strong record of scholarly contributions in one or more of the fol- 
lowing fields is desirable, through not necessary: mouse models, epigenetics, 
cancer cell biology, systems biology or angiogenesis. A willingness to work in 
a collaborative environment is important. Appropriate resources are available 
to support the successful candidate. 


Memorial Health University Medical Center (MHUMC) is a 530-bed tertiary 
care and teaching hospital located in Savannah, Georgia. MHUMC is one of 
two University hospitals associated with Mercer University School of Medicine 
(MUSM) for medical student education. Residency training programs exist in 
Medicine, Surgery, Obstetrics and Gynecology, Pediatrics, Radiology and Family 
Medicine. MHUMC and MUSM have started a new four-year medical school on 
the MHUMC campus in 2008. MHUMC was ranked among the top one hundred 
places to work by U. S. News and World Report for 2006 and 2007. MHUMC 
offers several disease management teams inclusive of translational researchers 
in oncology. In August 2006, MHUMC opened the William and Iffath Hoskins 
Center for Biomedical Research. This 60,000 sq. ft. building has 30,000 sq. ft. 
of new educational space and 30,000 sq. ft. devoted to research. The research 
space is devoted to laboratory research in the molecular genetics of human cancer. 
In addition, it houses the clinical research program at MHUMC. Our location 
in Savannah, GA provides access to world-renowned medical community and 
the exceptional cultural and recreational diversity of a sophisticated, small met- 
ropolitan area. Interested applicants should forward a copy of their C.V. and a 
letter of interest describing their academic interests to: Frank Thayer, Manager, 
Executive and Physician Recruitment, Memorial University Medical Center, 
P.O. Box 23089, Savannah, GA 31403-3089; 912-350-8243; 877-693-5069 
(Toll Free); 912-350-8541 (Fax); MDsearch@memorialhealth.com. 
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MOUNT SINAI_ = Immunology 
SCHOOL OF 


MEDICINE 


The Mount Sinai Immunology Institute 
is seeking outstanding scientists to 
develop rigorous independent research 
programs in basic or translational 
immunology. Applicants whose pro- 
grams address inflammatory bowel 
disease, mucosal immunity, and intra- 
vital imaging are encouraged to apply. 
The Immunology Institute is a diverse, 
interactive group interested in basic and 
translational immunology and mecha- 
nisms of immune-mediated diseases, 
www.iisinai.org. Applicants may have 
an MD, PhD or MD/PhD degrees and 
may be appointed at the Assistant, Asso- 
ciate or Full Professor levels, at Mount 
Sinai School of Medicine with a gener- 
ous start-up package. 


Applicants should submit a CV, 
research plan and the names of three 
references to Immunology Institute 
Faculty Search Committee, email: 
Zaida.Newman@mssm.edu. Review of 
applications will begin July 31, 2009. 


ECOLOGIST FACULTY POSITION 
FORDHAM UNIVERSITY 


The Department of Biological Sciences of 
Fordham University invites applicants for a 
tenure-track faculty position in animal ecology 
and conservation biology at the ASSISTANT 
PROFESSOR level for fall 2009. The depart- 
ment has an active research program and pro- 
vides excellent physical facilities, state-of-the- 
art equipment, start-up funds, and competitive 
salaries and benefits. Preference will be given 
to vertebrate ecologists interested in establish- 
ing research collaborations with the Wildlife 
Conservation Society. There are also research 
opportunities at Fordham’s biological field 
station, the Louis Calder Center. We seek indi- 
viduals who will establish a vigorous, extramu- 
rally funded research program. The successful 
candidate must have a Ph.D. and postdoctoral 
experience and is expected to teach at the 
undergraduate and graduate levels. 


Applicants should submit a curriculum vitae 
and contact information for three references to: 
Dr. William Thornhill, Chair, Department 
of Biological Sciences, Fordham University, 
441 E. Fordham Road, Larkin Hall 160, 
Bronx, NY 10458 and/or by email (preferred) 
to thornhill@fordham.edu. Review of appli- 
cations will begin immediately. The position 
will remain open until a suitable candidate is 
identified. 


Fordham University is an independent, 
Catholic university in the Jesuit tradition that 
welcomes applications from men and women 

of all backgrounds. Fordham is an EOE. 


ASSIST ANT PROFESSORSHIP: 


Successful candidates will 
e Receive start-up research grants of up to S$1 million 


e Enjoy attractive remuneration package and other benefits 
including assistance with accommodation 


e Hold tenure track appointments and play lead roles in the 
university's new wave of multi-disciplinary, integrative research 


Candidates should be within 10 years of gaining their PhD and 
ready for independent leadership of their own research groups. 


For more details, please email to: 
NanyangProfessorship@ntu.edu.sg 


About the University 


Nanyang Technological University, among the world’s top 100 
universities*, has made unprecedented research investments, 
emphasizing cutting-edge research and revolutionary technological 
innovations across multiple disciplines. 


The University has already attracted world-leading researchers 
to its ranks. Take this opportunity to join one of the fastest- 
growing research universities and participate in the rapid rise 
of Asia, between India and China, linking East and West. 


* Times Higher Education-QS World University Rankings 2008 


Application Period: 


15 June 2009 - 15 September 2009, 
11.59 pm (UTC/GMT + 8 hours) 


Please note that only online applications 
will be accepted. 


online @sciencecareers.org 
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POSITIONS OPEN 


ASSISTANT OR ASSOCIATE PROFESSOR 
Center of Excellence for Infectious Diseases 


The newly created Center of Excellence for Infec- 
tious Diseases at the Paul L. Foster School of Medi- 
cine, Texas Tech University Health Sciences Center, 
El Paso, Texas, is seeking candidates for tenure-track 
faculty positions at Assistant or Associate Professor 
level. This is part of a state-funded initiative to en- 
hance research in infectious diseases. The Center is 
primarily interested in investigators with research in- 
terests in molecular immunology, host-pathogen in- 
teractions, vaccine development, and animal models 
for translational studies. 

Successful candidates are expected to develop and 
maintain independently funded research programs in 
infectious diseases or a related field. The position re- 
ports to the co-directors of the Center of Excellence 
for Infectious Diseases. 

Minimum qualifications: M.D. or Ph.D. degree in 
a related field and at least three years of postdoctoral 
experience with a strong publication record. 

Preferred qualifications: Candidates with funded 
grant support and experience in emerging infectious 
diseases and cutting edge technologies are particu- 
larly encouraged to apply. 

The Center offers competitive salary and startup 
packages, newly constructed laboratory space, BSL-2 
and BSL-3 laboratories, and a supportive interactive 
environment. Interested candidates must apply online 
at website: http://jobs.texastech.edu, requisition 
#77147 by submitting curriculum vitae, a short write- 
up of research interests, and three letters of recom- 
mendation. For further information, please e-mail or 
contact: 


Manjunath Swamy, M.D. 
E-mail: manjunath.swamy@ttuhsc.edu or 
Premlata Shankar, M.D. 
E-mail: premlata.shankar@ttuhsc.edu 
Co-Directors of the Center of Excellence for 
Infectious Diseases 


The positions are open until filled. Application re- 
view will begin immediately. 

Texas Tech University Health Sciences Center is an Equal 
Opportunity /Affirmative Action Employer. 


The College of Sciences and Mathematics at Auburn 
University located in Auburn, Alabama, (website: 
http://www.auburn.edu/cosam) is seeking candi- 
dates for the position of POSTDOCTORAL FELLOW 
in the sciences and mathematics. From time to time, 
postdoctoral positions become available under a va- 
riety of research grants and projects in the college. 
We are seeking applications from individuals with a 
Ph.D. in any one area such as: biology, chemistry, 
geology, geography, mathematics, statistics, physics, 
or related fields. The candidates selected for these 
positions must be able to meet eligibility requirements 
to work in the United States at the time appointment 
is scheduled to begin and continue working legally for 
the proposed term of employment; excellent commu- 
nication skills required. The positions are available 
for a minimum of one year as full-time, 12-month 
with renewal possible. Salary will be commensurate 
with education and experience. Review of applications 
will begin after July 1, 2009, and continue throughout 
the year as positions become available. Please send 
curriculum vitae, statement of research interests, along 
with a list of three references and contact information 
to: Dr. Marie Wooten, Associate Dean for Research, 
College of Sciences and Mathematics, 315 Roosevelt 
Concourse, Auburn University, AL 36849. E-mail: 
adcocba@auburn.edu; fax: 334-844-5525. Minorities 
and women are encouraged to apply. Auburn University is an 
Affirmative Action/Equal Opportunity Employer. 
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MUSC 
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ENDOWED CHAIR IN 
PHARMACOLOGY/CHEMICAL BIOLOGY/ 
MEDICINAL CHEMISTRY 

The University of South Carolina (USC) in Columbia, 
South Carolina, and the Medical University of South 
Carolina (MUSC) in Charleston are jointly seeking ap- 
plications and nominations for an endowed chair to be 
located at either campus. Individuals with demonstrated 
expertise in the areas of pharmacology, chemical biology, 
or medicinal chemistry are encouraged to apply. The 
successful candidate will be an established scientist who 
has a strong reputation in research, has a productive 
record of publication and extramural funding, and is 


qualified for a tenured appointment at the level of 


FULL PROFESSOR. The chair holder will play a 
key role in the growth and development of research 
and drug discovery in the state of South Carolina. 
He/she will be expected to participate in professional 
and graduate education and to maintain a nationally 
recognized, extramurally funded research program. 
USC and MUSC have several centers of economic 
excellence, including the Centers for Drug Discovery 
and Cancer Therapeutics, and are continuing a period 
of rapid growth in research. State-of-the-art research 
cores and facilities exist at both institutions, fostering a 
variety of collaborative research efforts and interactions. 
Interested candidates should submit curriculum vitae, 
statements of research interests and accomplishments, 
and the names of three references to: Dr. Charles D. 
Smith, Department of Pharmaceutical and Biomed- 
ical Sciences, Medical University of South Carolina, 
MSC 140, Charleston, SC 29425. E-mail: smithchd@ 


musc.edu. Nominations are also welcome. Review of 


applications will begin on August 1, 2009, and will 
continue until the position is filled. 

The University of South Carolina and the Medical University 
of South Carolina are Affirmative Action/Equal Opportunity 
Employers. 


The Center for Genomics and Bioinformatics (CGB) 
at Indiana University, Bloomington, carries out inde- 
pendent research in the fields of functional genomics, 
environmental toxicology, ecology, and evolution. The 
CGB has recently acquired an Hlumina sequencer to 
partner with its Roche Titanium sequencer. We seek 
a BIOINFORMATICS STAFF SCIENTIST (at the 
level of RESEARCH ASSOCIATE) to handle the 
data from these platforms and to develop programs 
to analyze the data. 

The ideal candidate will have strong programming 
skills in PERL, C++ and possibly Java. Understand- 
ing of basic biological language would be an asset. 
Ability to design and develop algorithms would also 
be highly preferred. We require a Master’s degree in 
computer science or equivalent. For more details, visit 
our website: http://cgb.indiana.edu/careers/. 

Applications received by June 15, 2009, will be 
assured full consideration for an immediate start date. 
Send questions to e-mail: job@cgb.indiana.edu. 
Submit curriculum vitae and a description of your 
background and interests and have three letters of rec- 
ommendation sent to: Bioinformatics Staff Scientist 
CGB-015, Center for Genomics and Bioinfor- 
matics, Indiana University, 1001 E. Third Street, 
Bloomington, IN 47405. 

Indiana University is an Affirmative Action/Equal Oppor- 
tunity Employer. 


POSTDOCTORAL/RESEARCH ASSOCIATE 
POSITIONS are available in the area of mechanism- 
based cancer prevention using plant-derived compounds 
and molecular mechanism of metal carcinogenesis in the 
laboratory of Xianglin Shi, Graduate Center for Toxi- 
cology, University of Kentucky. Send curriculum vitae 
to e-mail: xianglin.shi@uky.edu. 


POSITIONS OPEN 


ch, 


COLLABORATIVE POSTDOCTORAL 
POSITION 
Biological Modeling 
California State University, Los Angeles 
and California Institute of Technology 


A Postdoctoral position is open immediately to study 
the dynamics of layered biological systems with specific 
applications to the ecology of mussel beds. A Ph.D. is 
required. Candidates should have experience using math- 
ematical modeling and computer simulation to study 
biological problems. Knowledge of cellular automata 
and spatial statistics is desired. Opportunities exist to 
collaborate with field ecologists and to gain teaching 
experience. Salary is $42,000 per year plus benefits, 
renewable for up to three years. The position is a joint 
appointment between California State University at 
Los Angeles and California Institute of Technology. 
Inquiries and applications (cover letter, curriculum 
vitae, and three references) to: Dr. Robert Desharnais, 
Biological Sciences, California State University, 5151 
State University Drive, Los Angeles, CA 90032. 
E-mail: rdeshar@calstatela.edu. California State Univer- 
sity, Los Angeles UAS is an Affirmative Action/Equal Oppor- 
tunity Employer. 


ASSISTANT PROGRAM DIRECTOR, Envi- 
ronment Program. Apply principles of biological 
sciences to provide scientific research management, 
interpretation, and communication working closely 
with organization members and Health and Environ- 
ment Program managers to do the following: manage 
complex scientific projects, interpret and communicate 
results effectively to a wide array of technical and non- 
technical audiences for scientific, policy, and educa- 
tional purposes, and design studies to produce scientific 
results collaboratively with the association’s techno- 
logical, communications, and marketing programs. 
Resumes to: Raquel Jimenez, International Copper 
Association, Ltd., 260 Madison Avenue, 16th Floor, 
New York, NY 10016. 


MARKETPLACE 


Custom Peptide Synthesis 
e High quality peptide from mg to kg 
e Deeply discounted price 
e An extensive list of modification & labeling 
e Peptide library construction 
e ®N/'8C labeled peptides for NUR 


EZBiolab www.ezbiolab.com 


Widely 
Recognized 


Original & 
Guaranteed 


8¢/u 
Truncated 
Taq DNA 
Polymerase 
Withstand 99°C 
US Pat #5,436,149 e-mail: abpeps@msn.com 
Call: Ab Peptides 180038303362 
Fax: 314°968°8988 www.abpeps.com 


Promab Biotechnologies Inc. 


Custom Monoclonal 


Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.promab.com info@promab.com 


Oligo Synthesis Columns 


& Columns For All Synthesizers 
& Bulk Column Pricing Available 
& Call for Free Column Samples 


& BIOSEARCH +1.800.GENOME.1 
BoE CUNO eS www.bticolumns.com 


Advancing Nucleic Acid Technology™ 
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Choo-Choo Cloning? Kit 


PCR cloning for Dummies 


Incubation Transformation 


Now everyone can clone 
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Details: positive clones 


get guaranteed clones in a day! 
e Simple protocol 


e Directional cloning 

e No vector limitations, restrictive digestion, or ligation 

e Multiple fragments (up to 8 pieces) 

e Broad PCR size up to 10kb 

e Compatible for adaptor, linker and tag addition before 
and after the inserts 


MCLAB also provides custom cloning services as low as $250.00 per clone 


384 Oyster Point Boulevard | South San Francisco, CA 94080 USA | Tel: (650) 872-0245 | Fax: (650) 872-0253 
www.mclab.com 


FROM START TO FINISH, ENDNOTE X3 


With its world-class speed and track record, EndNote X3 puts your 
publishing in the lead and keeps you there. Out of the blocks with 
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